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Abstract

ABSTRACT

The chemistry of atmospheric aerosol surfaces is currently not well understood. Important
remaining questions concern the modification of the aerosol surfaces during ageing, the
removal of trace gases from the gas phase and the processing in the hydrological cycle.
Mineral dust and soot have been chosen as typical heterogeneous surfaces, which are
ubiquitous in the atmosphere, and the role of which is still not very well understood. In this
work these surfaces have been characterized in terms of two important issues:

Hydrophilicity of atmospheric surfaces: Hydrophilicity is a critical but difficult to quantify
parameter, characterizing the possibility of aerosol particles to act as cloud/ice condensation
nuclei. Therefore, adsorption and desorption rates together with the amount of water
adsorbed, are important parameters in the assessment of the hydrophilicity. Regarding this
issue we have studied the interaction of mineral dust and kerosene soot surfaces with water
vapour in the temperature interval 203 K < T < 298 K using a Knudsen cell reactor. A
comparison of the uptake kinetics and adsorption enthalpies of water on mineral dust and soot
leads to the conclusion that water is interacting with mineral dust much stronger than with
soot. In terms of the hydrophilicity concept the results suggest, that mineral dust may be
regarded as hydrophilic whereas soot is hydrophobic and that fundamental kinetic and
thermo-chemical parameters may be used to quantify this concept.

Reactivity of atmospheric surfaces: We have investigated two different types of soot
samples (kerosene and ethene) and their behaviour towards NO2 and SO2 (as typical
atmospheric pollutants) in a wide temperature interval between 180 K < T < 670 K. It has
been found that under these conditions SO2 undergoes only reversible adsorption/desorption
on the surface, whereas for temperatures above 300 K NO2 adsorbs irreversibly on the surface
and reacts further leading to the formation of NO and HONO as gas phase products with
strongly temperature dependent yields. Complementary, for temperatures above 470 K, the
formation of CO2 as gas phase product is observed. For the mechanistic interpretation of the
reaction we have found that NO2 adsorbs irreversibly on the surface, followed by further
formation of HONO or reduction to NO (depending on temperature). Additionally, due to the
reduction to NO, a new oxidised surface site is formed at higher temperatures, which releases
CO2 into the gas phase, indicating the ability of NO2 to oxidize the soot sample followed by

the consumption of soot.

il



1. Introduction

1 INTRODUCTION

1.1 The Atmosphere — a dynamic system

In the last century anthropogenic emissions of trace gases and aerosol particles have risen
sharply and are now having a significant effect on climate, with consequences for the
functioning of the Earth System [Granier et al., 2004]. In Figure 1.1-1 is summarized the
global radiative forcing effect of the major pollutants in the atmosphere (source: IPCC,

Intergovernmental Panel on Climate Change):

The global mean radiative forcing of the climate system
for the year 2000, relative to 1750
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Figure 1.1-1: Global, annual mean radiative forcing (Wm™) for the period from pre-industrial (1750) to present

(IPCC, 2001)

Global-mean radiative forcing is a valuable concept for giving at least a first-order estimate of
the potential climatic importance of various forcing mechanisms. It is basically a change
imposed on the planetary energy balance, which has the potential to alter global temperature.

As can be seen from Figure 1.1-1 the greenhouse gases (CO,, CHa, N>O, Halocarbons), for

1



1. Introduction

example, intercept some of the outgoing radiation and thereby act to force the Earth’s surface
to come to a higher equilibrium temperature and therefore have a strongly positive radiative

forcing effect.

In contrast to greenhouse gases, for example, which act only on outgoing infrared radiation,
aerosol particles (AP) can influence both directions of the energy balance. The aerosol
radiative effect can be direct or indirect. The direct effect is due to scattering and absorption
of solar radiation by AP. The indirect effect comes from the action of AP as cloud
condensation nuclei (CCN). For the latter, of great importance is the hygroscopicity of the
particles, or their behaviour towards water under atmospheric conditions. Furthermore their
action as CCN can increase the occurrence of clouds and change their properties. For
example, an increased number of CCN modifies the size and number concentration of cloud
droplets since smaller and more numerous droplets increase the cloud albedo. Another aspect
of the indirect effect, concerning atmospheric chemistry, is the possibility of aerosol particles
to participate in heterogeneous reactions, affecting the concentrations of trace species in the
atmosphere, such as greenhouse gases and stratospheric ozone depleting compounds.

Stratospheric ozone loss has been estimated to have a cooling effect [Global NEST, 2006].

Of these both effects, the direct effect is the best understood and studied. Estimates of the
indirect effect are very uncertain and significant research efforts are directed toward its

quantification, including ours.

1.1.1 Trace gases in the atmosphere

Throughout most of the atmosphere air acts as a carrier for a large number of trace gases.
[Zellner, 1999] But the natural atmosphere is also not a stable body of gases of fixed
composition. Material exchange with adjacent geochemical reservoirs, such as the oceans or
the biosphere, causes a steady influx of trace gases, which are balanced by corresponding
losses, either by a return flow to the same (or another) geochemical reservoir or by chemical
reactions within the atmosphere. These processes keep the atmosphere in a dynamic

equilibrium.
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One aim of atmospheric chemistry is to determine for any particular trace substance the
origins (sources) and the removal mechanisms (sinks). Table 1.1-1 presents a summary of the

trace gases mainly occurring in the troposphere, their mixing ratios in the air, and their origin

and behaviour.
Trace gas Mixing Distribution Major Sources (Tg yr™) Major Sinks (Tg yr™) Residence
Ratio time
Methane, 1.7 ppmv uniform rice paddy fields, 70 reaction with OH, 490 8 yr
CH, rising domestic animals, 100 to the stratosphere, 40
swamps/marshes, 200 soil uptake, 30
biomass burning, 40
fossil sources, 100
Hydrogen, | 0.5 ppmv uniform CH, oxidation, 15 reaction with OH, 25 2yr
H, oxidation natural HC, 10 soil uptake, 40
biomass burning, 10
fossil fuel use, 20
Carbon 0.2 ppmv NH anthropogenic, 440 reaction with OH,2400 1.5m
monoxide, | 0.05ppmv | SH biomass burning, 770 to the stratosphere, 100
CO CH, oxidation, 860 uptake by soils, 400
oxidation natural HC, 610
Ozone, O3 15-50 low near equator influx from stratosphere, 600 | dry deposition, 650 2m
ppvb rising to the poles | photochemical production, photochemical loss, 1300
1300
Nitrous 0.3 ppmv uniform emission from soils, 10 loss to stratosphere, 19 110 yr
oxide, N,O | rising emission from oceans, 6
anthropogenic, 9
Nitrogen 30 pptv marine air fossil-fuel derived, 21 oxidation to HNO; by 2d
oxides, 300 pptv continental- biomass burning, 8 OH and O;
NOy 5 ppb remote emissions from soils, 10
(NO, NO,) continental- rural | lightning, 5
Ammonia, 100 pptv marine air domestic animals, 26 dry deposition, 17 5d
NH3 5 ppbv continental air emission from vegetation, 6 conversion to NH,"
emissions from oceans, 9 aerosol and wet
fertilizer use, 8 deposition, 36
Carbonyl 500 pptv uniform emission from soils, 0.3 uptake by vegetation, 0.4 | 7 yr
sulfide, ocean, 0.3 loss to the stratosphere,
0cCs oxidation of CS, and DMS, 0.15
0.5
Hydrogen 50-90 pptv | marine air emissions from soils, 0.5 reaction with OH 3d
sulfide, continental rural, emission from vegetation,
H,S higher in urban 1.2
air volcanoes, 1
Dimethyl 5-70 pptv marine air emissions from oceans, 68 reaction with OH 2d
sulfide, similar continental, rural | emissions from soils and reaction with NO;
CH3SCH;3 higher in urban vegetation, 2
air
Sulphur 20-90 pptv | marine air fossil fuel-derived, 160 dry deposition, 100 4d
dioxide, 5 ppbv | continental, rural | volcanoes, 14 oxidation to SO,>
SO, oxidation of sulfides, 70 aerosol and wet
deposition, 140
Isoprene, 0.6-2.5 continental emissions from deciduous reaction with OH 02d
CsHg ppbv surface air trees, 570
Terpenes, 0.03-2 continental emissions from coniferous reaction with OH 04d
CioH16 ppbv surface air trees, 140

Table 1.1-1: Approximate molar mixing ratios, global distribution, sources and sinks, and residence times of
several important trace gases in the troposphere [Zellner, 1999]
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Because the substances occur in traces, mixing ratios (in dry air) are equivalent to mole
fractions. For our work we are interested in the NOy species, SO,, and also H,O, which is not

a trace gas due to its higher local concentrations in different parts of the atmosphere.

1.1.1.1 Nitrogen oxides (NO,)

Nitrogen oxides (NO and NO, = NOy) play an important role in polluted and unpolluted areas.
They do not primarily act as fuel for tropospheric chemistry, but rather as a catalyst,
promoting the tropospheric formation of O; and controlling the concentration of the OH
radical, the most important oxidizing agent in the troposphere [Hernandez, 1996], [Zellner,
1999]. Both of these functions are effective in polluted as well as in background atmospheres.
In their role as a catalyst, NO and NO, are rapidly interconverted — during daytime within a
period of a few minutes. Concerning their budget and transport they are treated together as
NOy. Because of their important role in tropospheric chemistry, it is essential to know the
sources and distributions of NOy and the possible reaction mechanisms it undergoes in the

atmosphere.

Sources and distribution of NOy:

Summarized the global budget of NOy in the troposphere is given in Table 1.1-2:

Sources TgN yr'! Sinks TgN yr!
Fossil fuel combustion 19.9 (14 - 28) Wet deposition of NO; (land) 19.0 (18 —30)
Biomass burning 12.0 (4 -24) Wet deposition of N03_ (ocean) 8.0(4-12)
Release from soils 20.2 (4 - 40) Dry deposition of NOy 16.0 (12 -22)
Lightning discharges 8.0(2-20)
NH; oxidation 3.0(0-10)
Ocean surface <1.0
Aircraft 0.5
Injection from the stratosphere | 0.1 (0.5 total NO,)
Total sources 64.0 (25-112) Total sinks 43.0 24 - 64)

Table 1.1-2: Global budget of NOy in the troposphere [Brasseur et al., 1999]

The largest production of NOy in the present atmosphere most likely results from fossil fuel

combustion (approximately 20 TgN yr'), biomass burning (12 TgN yr') and emission from
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soils (20 TgN yr'). NOy is also formed by lightning. The magnitude of this source, however,
is uncertain and estimated to vary from 2 to 20 TgN yr'. The release of NOy by aircraft
engines in the troposphere and lower stratosphere leads to an additional source of
approximately 0.5 TgN yr'' (in 1990). As the size of the fleet of subsonic aircraft is increasing
and as development of high-altitude (15 to 20 km) supersonic transport is planned, this source

is likely to increase in the future.

Major sinks of the NOy species are the so called wet and dry deposition processes. NOy is
rapidly oxidized in the troposphere to nitrates that are soluble and removed from the
atmosphere by wet deposition. The NOy species are also directly taken up by plants over the

continent which is the so called dry deposition [Brasseur et al., 1999].

NO, TOTAL EMISSIONS IN DECEMBER (1 x10" cm2 s

Figure 1.1-2: Surface emission (10'° molecules cm™ s™) of NO, on the global scale in December 1992.
Contributions of fossil fuel combustion, biomass burning and soil emissions are included at spatial
resolution 5° x 5° [Brasseur et al., 1999]

In Figure 1.1-2 is represented the global distribution of surface NOy emissions for December
1992. It can be clearly seen that the contours of the highest emissions outline the areas with
high industrial activity in North America, Europe, and the Far East. It can also be seen the
strong emissions from large sources in the tropics. On the contrary, the oceans are only a
minor source of NOy and it is assumed that emissions from the oceans are vanishing small,

and all the sources are located on the continents.



1. Introduction

Tropospheric chemistry of nitrogen monoxide (NO):
Nitric oxide (NO) is mostly emitted and transformed in the atmosphere into NO,, whose
photolysis is the only known way of producing Os in the troposphere, according to the
reactions [Finlayson-Pitts and Pitts, 1986]:

Equation 1.1-1: NO, +hv(A < 430nm) — OC P)+ NO

Equation 1.1-2: OCP)+0,+M — O, +M
where M is the collisional stabilizer (mainly N, and O,). However, NO is also the main sink
of Os:

Equation 1.1-3: NO+O; - NO, +0,
These three reactions (Equation 1.1-1, Equation 1.1-2 and Equation 1.1-3) achieve a steady

state (the Leighton relationship) within a timescale of minutes, which does not lead to any net

formation of Os.

If the conversion of NO to NO, takes place in the presence of organics, deviations from the
equilibrium mechanism (Equation 1.1-1, Equation 1.1-2 and Equation 1.1-3) occur [Nelson
and Haynes, 1994]. The organic compounds are normally attacked by OH radicals,

whereupon carbon containing radicals are formed:

Equation 1.1-4: OH+RH - R+H,0
Equation 1.1-5: R+0O, = RO,

Equation 1.1-6: NO+RO, - RO+ NO,
Equation 1.1-7: RO+0, - R'CHO+ HO,
Equation 1.1-8: HO, + NO — OH + NO,

where R is a general organic radical and R " has one H less than R, RO, is peroxy radical, RO
is oxy radical. The net reaction can be given with:

Equation 1.1-9: RH +2NO+20, - R'CHO+2NO, + H,0

The OH radical is not consumed in this process, so the rate is determined essentially by the
steady state concentration of OH, determined by sources (O3) and sinks (largely NO and
NO»).

A complementary mechanism of destruction of O3 is observed in NO poor environments.
When the ratio of the NO/O3 concentrations is less than about 2-10'4, ozone 1s consumed and
CO; is generated, due to the chain reactions:

Equation 1.1-10: CO+0OH — H+CO,
6
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Equation 1.1-11: H+0,+M - HO,+ M

Equation 1.1-12: HO,+ 0, - OH +20,

A possible reaction for a net source of NO,, and respectively of O, is the termolecular
reaction [Hernandez, 1996]:

Equation 1.1-13: NO+NO+0O, - 2NO,
Although too slow (second order in NO of the reaction rate), to be of an importance for the
atmosphere, this reaction might be possible at higher concentrations of NO for instance in

uncontrolled power plant emissions.

NO reacts also very rapidly with the NO; radical, which has a significant role for the
chemistry of the troposphere at night [Hernandez, 1996]:
Equation 1.1-14: NO+ NO; - 2NO,

Tropospheric chemistry of nitrogen dioxide (NO,):
NO; is mainly formed from NO oxidation, and represents a small proportion of the NOy
emissions. Once in the atmosphere, it can undergo different processes. During daylight hours
the most important reactions are photolysis (Equation 1.1-1, Equation 1.1-2 and Equation
1.1-3) and the reaction with the OH radical leading to HNO;:

Equation 1.1-15: NO,+OH +M — HNO; + M
The nitrate radical is formed from the reaction of NO, with Os:

Equation 1.1-16: NO, +0, = NO, + O,
NOs is rapidly phtolysed (560 <A <650 nm), but at night time and in the absence of NO, it is
an active oxidizing agent. It can react with variety of organics by addition to the unsaturated
bonds and by hydrogen abstraction, being in the latter case the precursor of nitric acid
[Hernandez, 1996].
The NO; reaction with the NOj; leads to nitric acid:

Equation 1.1-17: NO,; +NO,+M — N,O, + M

Equation 1.1-18: N,O, + H,0 — 2HNO,
The last (hydrolysis of N,Os) is a rapid process [Russel et al., 1985], [Wayne et al., 1990] that
can take place in the liquid water present in fog or aerosols. It can also take place on ice

surfaces [Seisel et al., 1998], [Wayne, 1991]
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One of the most important reservoirs of NO, is peroxyacetyl nitrate (PAN). It is the product
of the temperature dependent reaction of NO, with the peroxyacetyl radical, formed from the

OH attack on acetaldehyde and subsequent oxygen addition:

Equation 1.1-19: CH,CHO+OH — CH,CO+ H,0
Equation 1.1-20: CH,CO+0, - CH,COO,
Equation 1.1-21: CH,COO, + NO, <» CH,COO,NO,

The rate constant for PAN decomposition is strongly temperature dependent. PAN is removed
only slowly by dry and wet deposition processes, and by chemical attack. Once formed in
polluted areas and if transferred above the boundary layer where the temperatures are low
enough to prevent its decomposition, it can be transported over long distances. An increase in
the temperature as a consequence of downmixing, for example, causes the release of NO,,
which is then effectively transported [Singh, 1987]. Other organic nitrate products formed
following a similar mechanism are peroxynitric acid (HO,NO;), peroxypropionyl nitrate

(PPN) and peroxybenzoyl nitrate (PBzN).

Kinetically the most important processes which lead to a permanent loss of NO, are the HNO;

forming reactions, with OH during the day and with O3 and NOj at night.

1.1.1.2 Sulphur dioxide (SO,)

Sources and distribution of SO,:

Sulphur dioxide is emitted by three main sources [Hernandez, 1996]:

- Anthropogenic - direct emission of sulphur dioxide from anthropogenic activities,
primarily the combustion of fossil fuels in power plants and the smelting of non-ferrous metal
ores. In EDGAR 3.2 the total global anthropogenic emissions of SO, for 1990 have been
estimated at about 155 Tg, with a slowly decreasing trend in subsequent years (141 Tg for

1995, represented in Table 1.1-3).

The decrease is mainly due to controlled measures implemented in the EU and the USA and
to declining economy of the former SU countries. Decreases in power generation and

industrial combustion in the former SU countries, compensates for the higher growth of SO,
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emissions in Asia, which showed an average 5-year growth rate of about 30% in the 1990 —

1995 timeframe.

Total Canada USA EU Oceania Japan :z:s::;: FD;::?I" Al[::lrnlc Africa Ml;:sd:e S‘Z:l:l :::: S]:::‘
Fossil fuel | 1112 | 22 71 T4 7o s 89 130 9 338 51 54 320 30
Biofuel | 29 00 00 00 00 00 00 00 ON] 06 00 5 05 o
Tndustr, rocesses || 25,0 04 1o 50 05 06 13 30 a2 3 05 05 57 05
Agriculture | 02 00 00 00 00 00 00 00 00 00 00 00 00 00
Biomass burning | 2.5 02 00 00 01 00 00 00 07 T 00 00 00 02
Waste handling | 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00
Total | 1410 | 28 81 | 165 17 22 105 | 160 | 101 69 57 75 02 38

Table 1.1-3: Sources and regional contribution of emissions of SO, in 1995 (Tg). Source: EDGAR 3.2

-Volcanoes — significant natural source of SO, to the troposphere. Part of the emitted
SO, is converted into sulphuric acid upon entering in the atmosphere, as a result of the
reaction with the hot volcanic gases with oxygen. Estimates of SO, emissions from volcanoes
are based on correlation of direct flux measurements with the intensity of volcanic activity
and an extrapolation to the active volcanoes in the world. [Berrescheim and Jaeschke, 1983]

estimated a total average annual emission of 7.5 Tg of sulphur.

-Oxidation of organic sulphides — carbonyl sulphide (COS), carbon disulphide (CS;)
and dimethyl sulphide (DMS), by reaction with radicals. The mechanisms and the

effectiveness of the formation processes are still a subject of investigation.

Tropospheric chemistry of SO,:

Gas phase SO, is removed by deposition, oxidation and heterogeneous reactions with aerosols
or clouds. The oxidation of SO, can occur in the gas phase, in fog and cloud droplets and on
the surface of aerosol particles. Due to the very low vapour pressure of the sulphuric acid
produced in this oxidation, it is transferred to the aerosol or cloud phases. These two types of

oxidation are briefly described:

a/ Gas phase reactions

Potential SO, oxidants are the radicals OH, HO,, RO, and the intermediates produced in the
reaction of ozone with alkenes [Hernandez, 1996]. The best known and probably the only fast
and efficient of these gas phase processes is the reaction of SO, with OH radicals:

Equation 1.1-22: SO, +OH +M — HOSO, + M
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Equation 1.1-23: HOSO, +0, = SO, + HO,

Equation 1.1-24: SO, +H,0 - H,50,
The reactions of SO, with O3 and excited O, molecules, as well as its direct gas phase
photoxidation are insignificant under typical tropospheric conditions.
b/ Aqueous phase reactions
Since clouds, fogs and rain have much higher liquid water content than particles, they
contribute more to atmospheric aqueous phase oxidations. However, the rate of oxidation can
increase in the liquid phase of the particles, as a consequence of the possibility of higher

concentrations of solutes.

In the presence of a liquid phase, a part of SO, is dissolved:

Equation 1.1-25; SO,(g)+H,0—> SO,-H,0
Equation 1.1-26: SO,-H,0 <> HSO;, + H"
Equation 1.1-27: HSO; <> SO; +H"

and the HSO; and SO} formed can be oxidized by O, O3, H,O, or Fe’" ions.

1.1.1.3 Water vapour (H,0)

Water vapour enters the atmosphere by evaporation from the ocean and transpiration of land
plants and leaves it through various types of precipitation. Water is also unique among
atmospheric molecules because it changes phase at terrestrial temperatures. This means that it
can transfer energy from its frozen form at the poles to its liquid and vapour forms in the
atmosphere. The distribution of water in the atmosphere varies strongly with time, location
and height. It is also mainly driven by physical processes and only slightly affected by human
activities, which makes it difficult to model [Brasseur et al., 1999]. On the average the mixing
ratio of H,O is typically 1% at the surface (in the troposphere), but is only a few ppmv in the
stratosphere [Brasseur et al., 1999]. The dryness of the stratosphere arises from the fact that,
as air is transported upward by the Hadley cell in the tropics, condensation and precipitation

provide an efficient dehydration mechanism.

Water vapour condenses to form liquid drops when its vapour pressure exceeds the saturation
point. In the troposphere, where the temperature decreases with increasing altitude, an air

parcel nearly saturated with moisture will loose water by condensation and become
10
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increasingly drier as it rises from the ground to the tropopause. The lowest temperature in the
troposphere of about 210 K occurs at the tropical tropopause. This temperature essentially
determines the mixing ratio of water vapour in the lower stratosphere. The mean mole
fraction of water vapour consequently decreases with altitude from about 7% over the tropical
oceans to about 3 ppm in the lower stratosphere [Zellner, 1999].

Water plays also an important role for the chemistry of the atmosphere [Raschke and
Warrach, 2001]. For example the water vapour molecules are the major source of the
hydroxyl radical (OH) — one of the most important oxidation agents in the atmosphere. Water
vapour affects the budget of ozone in the troposphere, lower stratosphere and mesosphere. In
the troposphere, chemistry and photochemistry are directly affected by water droplets within
clouds, while in the stratosphere, polar stratospheric clouds initiate heterogeneous chemical

reactions that lead, for example, to the formation of the Antarctic ozone hole [Wayne, 1999].

1.1.2 Aerosol surfaces

In addition to trace gases the atmosphere contains a mixture of solid and liquid materials in
the form of finely dispersed particles — aerosols [Zellner, 1999]. Aerosols in the atmosphere
have several important environmental effects [Jacob, 1999]. In urban environments, they are a
respiratory health hazard at the high concentrations found. They scatter and absorb visible
radiation and hence limit visibility. They affect the Earth’s climate both directly (by scattering
and absorbing radiation) and indirectly (by serving as nuclei for cloud formation). They
provide sites for surface chemistry and condensed-phase chemistry to take place in the

atmosphere.

Primary aerosols are solid or liquid particles that are ejected directly into the atmosphere by
processes like wind suspension, wave breaking and bubble bursting, leaf abrasion, burning of
vegetation and of fossil fuels (eg. diesel smoke), volcanoes, agriculture industry. Secondary
aerosols are solid or liquid particles that are created in the atmosphere after chemical or
physical transformations of precursor gases. The precursor gases become particles by phase
changes (condensation from gas to liquid), adsorption onto pre-existing particles, chemical

reactions with other gases that produce particles, and absorption into water droplets.

11
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In Figure 1.1-3 illustrates the different processes involved in the production, growth and
eventual removal of secondary aerosol particles [Jacob, 1999]. Gas molecules are typically in
10~ 10 pm size range. Clustering of gas molecules (nucleation) produces ultrafine acrosols
in the 10° — 10 pm size range. These ultrafine aerosols grow rapidly to the 0.01 — 1 um fine
aerosol size range by condensation of gases and coagulation. Growth beyond 1 um is much
slower because the particles are by then too large to grow rapidly by condensation of gases,
and because the slower random motion of large particles reduces the coagulation rate. Aerosol
particles originating from condensation of gases tend therefore to accumulate in the 0.01 — 1
um size ranges, often called the accumulation mode (as opposite to the ultrafine mode or
coarse mode). These particles are too small to sediment at a significant rate, and are removed
from the atmosphere mainly by scavenging by cloud droplets and subsequent rainout or direct

scavenging by raindrops.
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Figure 1.1-3: Production, growth and removal of secondary aerosol particles [Jacob, 1999]

The bulk of the atmospheric aerosol mass is present in the lower troposphere, reflecting the
short residence time of aerosols against deposition (~ 1 to 2 weeks). Aerosol concentrations in
the upper troposphere are typically 1 to 2 orders of magnitude lower than in the lower
troposphere. In Table 1.1-4 summarized are given the typical number and mass concentrations

of the ground level atmospheric aerosol in different tropospheric regions [Jaenicke, 1993].

The stratosphere contains, however, a ubiquitous H,SO4-H,O aerosol layer at 15 — 25 km
altitude, which plays an important role for the stratospheric ozone chemistry. The lifetime of
the stratospheric aerosols is also much longer than in the troposphere because of the lack of

precipitation.
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Normally, due to the scattering ability of the small droplets formed from the aerosol particles
in clouds, they contribute to the cooling of the atmosphere. However, some aerosol particles,
like soot and large amounts of mineral dust, may absorb solar and long wave radiation and
have the potential to retain energy in the lower atmosphere, thus contributing to the
greenhouse effect [Schulz, 2001]. Therefore, for our work we have chosen to investigate
mineral dust and soot as typical abandoned aerosol surfaces, but with still not in details

studied effects from an atmospheric point of view.

5 Mass concentration Mean particle radius

Aerosol location Number density (m™) 3

(ng m™) (pm)
Urban 10" - 10" ~ 100 0.03
Rural continental 1.5-10" 3050 0.07
Marine background (3-6)-10° ~10° 0.16
Arctic (summer) 2.5:107 ~1 0.17
Stratosphere 1-10°

® includes 8 pg m™ sea salt

Table 1.1-4: Typical mass and number concentrations of different atmospheric aerosols, and corresponding mean
particle radius, assuming an average mass density of 1.8 kg dm™ and spherical particles [Jaenicke, 1993]

1.1.2.1 Mineral dust aerosols

The mineral dust aerosol represents one of the largest fractions of the global aerosol. It
contains mainly windblown soil from the arid areas of the planet — the great deserts. Indeed, it
consists mainly of different nonsoluble soil minerals such as quartz, calcite, gypsum, and
clays. [Desboeufs et al, 1999]. Its annual emission rate is estimated from 200 to 5000 Tg
[Schulz, 2001], [Jonas and Rohde, 1995], [d’Almedia, 1986], [Tegen and Fung, 1994],
[Ginoux et al, 2001]. Because of its small size the fraction under 2 um can be transported over
long distances [Gomes and Gilette, 1993], [Husar et al.2001] and into higher altitudes by
convection. In the source regions it can remain for several days in the atmosphere [Tabazadeh

et al., 1998], [Guelle et al. 2000].

Although the dust particles are very abundant in the atmosphere, the role of mineral aerosol in
atmospheric chemistry is currently not well understood. Dust aerosols may be potential
reactive surfaces for heterogeneous chemistry as well as a vehicle for transportation of trace

gases through the atmosphere. [Umann et al. 2005], [Karagulian et al. 2006], [Bian and
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Zender, 2003]. It is also found to be efficient nuclei for inducing cloud droplet and cirrus

cloud formation [De Mott et al., 2003], [Hung et al., 2003].

1.1.2.2 Soot aerosols

Soot is emitted into the atmosphere from a wide range of combustion sources, of which
engine emissions and biomass burning are the largest [Seinfield and Pandis, 1998], [Rose et
al., 2005], [Johnson et al, 2005], [Hendricks et al., 2004]. In the lower troposphere, especially
in urban areas, mass densities of up to 10 ug m™, mainly emitted by diesel engines, can be
found [Israel et al., 1996]. In the upper troposphere soot particles, emitted by aircraft engines,
have low average mass densities of Ing cm™, corresponding to a number density of 0.1 cm™
[Blake and Kato, 1995], [Petzold et al., 1998]. However in the exhaust plume of jet aircraft
number concentrations of 3-10” can be reached [Petzold et al., 1999], leading to extremely

high local loads.

Soot is one of the most important components in atmospheric aerosols. The reason for this
fact i1s manifold. It affects the optical properties of the aerosol, because it is the most efficient
particulate light absorber [Horvath, 1993] which may decrease the single scattering albedo of
the aerosol leading to atmospheric warming [Haywood and Shine, 1995]. There is also some
evidence that soot can act as an efficient nucleation site for ice formation in the atmosphere
(formation of persistent contrails [Project PAZI, Cologne 2003]) and hence it plays a
significant role in the development of the ice phase in clouds, again influencing the planetary
reflectance and also precipitation processes. [Hagen et al., 1989], [Popovitcheva et al., 2003a],

[Popovitcheva et al., 2004], [Lammel and Novakov, 1995].

On the other hand, soot is believed to play a significant role in aerosol-induced health effects
[Pope and Dockery, 1999], [Donaldson et al., 2001], [Ye et al., 1999]. Soot particles are
neither water- nor lipid-soluble and have thus a completely different effect on health than

water-soluble compounds [Kreyling and Scheuch, 2000].
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1.2 Heterogeneous processes in the atmosphere

Gas phase chemistry is much better studied in terms of the processes contributing to the
degradation and eventual removal of environmental chemicals from the atmosphere (in
previous chapters discussed in some detail for NO, and SO,) than heterogeneous chemistry.
Heterogeneous processes of atmospheric relevance were first discovered to be important in
the polar winter stratosphere, where they occur on either solid or supercooled liquid aerosols.
These reactions convert chlorine and bromine reservoir species into photoactive halogen
compounds, and N»Os into particle bound nitric acid, thus setting the scene for the well
known chlorine and bromine catalysed destruction of ozone under the action of sunlight.

[Schurath and Naumann, 1998], [Zellner, 1999].

Heterogeneous reactions of trace gases on particulate matter must also be considered in the
troposphere, particularly in the polluted boundary layer where aerosol particles are most
abandoned [Warneck, 1988]. As heterogeneous should be considered only those trace gas
reactions, which involve adsorption of reactants at phase boundaries, i.e. on solid surfaces of
dry particles at low relative humidities, or on ice crystals, or at the gas/liquid interface,
although examples for the latter type of heterogeneous interaction are scarce [Mertes and
Wabhner, 1995]. Furthermore, some non-volatile environmental chemicals already exist in the

atmosphere as aerosols, or adsorbed on the surface of particulates [ Weingartner et al., 1997].

Table 1.2-1 combines, in the form of a matrix, various reactive species in the gas phase with
various types of condensed particulate matter which may be important under atmospheric
conditions. The entries in the table give short-hand information about the state of knowledge

(or ignorance) with respect to each interaction [Schurath and Naumann, 1998].

From Table 1.2-1 is clear that in the case of heterogeneous atmospheric processes some
questions still remain uncertain:

i. Can the heterogeneous processes modify the surface of the particulate matter in
order to change (shorten) their residence time in the atmosphere;

i1. Can the particulate matter be degraded (e.g. oxidised and/or volatilised) by surface

chemical reactions with species from the gas phase

In the case of the two types of surfaces — mineral dust and soot — which are considered here,

the following points have been specifically addressed:
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1. We have tried to estimate how the interaction with water would change the surface of
the particles in terms of hydrophilicity, in order to activate these particles for further
nucleation processes.

1. We have also tried to estimate if it is possible for NO, and SO, to oxidise soot particles

and remove them from the atmosphere

. . . 1
substrate Diesel or Particles Sulphates, Deliquescent Sulphuric drCo O;Ie(:s
. Mineral dust coated with nitrates, sea salt acid .p ’
aircraft soot organics bisulphates articles droplets 1ce
reactant g P P P particles
OH reactive loss, unknown H abstraction, unknown reactive loss uptake? uptake?
likely addition likely ptake: ptake:
unknown,
HO, reactive loss may depend uptake? and unknown upt'ake apd uptake, loss
on reaction? reaction, likely on surface
composition
reactive loss solubility solubility
RO, likel ’ unknown uptake unknown limited limited
Y uptake? uptake
reactive loss, unlikely to be reaction importance of fast reactive
surface ageing, | . Y - direct uptake loss,
[0 3 fod important but depending on unknown -
competition? unknown structure to be solubility
established limited
chemlsm:ptlon, nitration, more CINO HON.O
reduction, HONO . . formation
NO, . likely by unknown formation on .
HONO formation? NoO/NOS* dry NaCl on ice? On
formation 25 2 Ty water?
. lubili
unlikely to be reaction, e S(l)iri?;egy solubility is
NO; reactive loss important but . )6 & unknown . . Y
unknown with aromatics reaction with I, low
etc.
hydrolysis or reaction as NO," depending on the substrate, CH;S;’ (;Eler
N,Os reaction probabilities seem to be very variable, com ogun ds hydrolysis
formation of particulate nitrate or gaseous HNO; P
formed
catalytic catalytic Oxfﬁﬁ?endm oxidation by
SO, oxidation, oxidation, pmarine unimportant H,0,,
slow likely ozone, etc.
atmosphere
. . T t icl 1
other chemisorption | solubilisation gasto pa?“c ¢ uptake of aeroso
. . conversion, pH dependent uptake of . processing,
relevant of radicals at of catalytic . g . ammonia, .
. . particle acidic/alkaline gases interface
processes radical sites metals . change pH
coating phenomena

Table 1.2-1: Possible reactions of reactive gaseous species with various types of condensed particulate matter
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1.3 State of the art

1.3.1 Adsorption of water on mineral dust and soot surfaces

For the interaction of water with natural mineral dust only one kinetic study at 298 K by
[Seisel et al., 2004a] exists. In this study a high first-order adsorption rate constant of 6 s™ and
low desorption rate constant of 1.7-107 s have been derived, indicating substantial water flux
to the surface. In addition, a high number of surface sites for water adsorption is inferred.
These observations lead to the conclusion that mineral dust may be regarded as hydrophilic.
To our knowledge, however, the interaction of water with mineral dust has not yet been

studied at temperatures below 298 K.

Instead, several studies under equilibrium condition at 273 K < T <298 K have been reported
for the interaction of water with individual clay minerals [Cases et al., 1992], [Dios Cancela et
al. 1997], [Kalafi and Blanchard, 1999], [Cantrell and Ewing, 2001]. Mechanistically it was
found, that the adsorption of water onto clay minerals consists of water adsorption on the
external surface of the minerals at low relative humidity followed by sorption of water into
the interlamellar space of the clay mineral. The first of these processes may be accompanied
by a strong increase of the surface area of the clay mineral, since aggregates of particles
(tactoids) may break up into smaller sized particles upon water adsorption [Cases et al.,
1992]. The filling of the interlamellar space on the other hand strongly depends on the
exchangeable cations present in the clay mineral [Dios Cancela et al. 1997]. As a
consequence, measured adsorption isotherms have a complex shape [Cases et al., 1992] and
differential heats of adsorption and desorption vary with the amount of water adsorbed by up
to one order of magnitude [Dios Cancela et al. 1997], [Kalafi and Blanchard, 1999], [Cantrell
and Ewing, 2001]. In addition, Monte Carlo simulations of the interaction of water with
different clay minerals [Hensen et al., 2001], [Delville, 1995] show that the adsorption
energies as well as the structure of the adsorbed water strongly depend on the counter ion in

agreement with the experimental studies.

A number of studies on the interaction of water with soot surfaces at room temperature have
been reported in the literature [Rogaski et al., 1997], [Chughtai, 1999a; 1999b; 2002],
[Popovitcheva et al., 2001; 2003b], [Alcala-Jornod et al. 2000, 2002], [Seisel et al., 2004a].

From measurements performed under equilibrium conditions important information on the
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adsorption mechanism could be inferred [Chughtai, 1999a, 1999b, 2002], [Popovitcheva et
al., 2003b]. At low relative humidities chemisorption is the dominant adsorption process
which is strongly increasing with the number of oxidised surface groups [Chughtai, 2002].
Once a monolayer is completed, further water adsorption occurs in the micropores of the soot
followed finally by multilayer adsorption at relative humidities above 80% [Chughtai, 1999a]
Kinetic data for the interaction of water with different kinds of soot have been derived by
non-equilibrium studies at relative humidities far below 1% [Seisel et al., 2004a], [Rogaski et
al., 1997], [Chughtai, 1999a; 1999b; 2002], [Popovitcheva et al., 2001; 2003b], [Alcala-
Jornod et al. 2000, 2002]. The uptake of water has found to be reversible [Seisel et al, 2004],
[Rogaski et al., 1997] and initial uptake coefficients between 1-10* and 4-10” have been
obtained [Seisel et al, 2004], [Alcala-Jornod et al. 2000, 2002], [Rogaski et al., 1997],
[Popovitcheva et al., 2001].

However, studies of the interaction of water with soot particles at temperatures below 298 K
as relevant for most parts of the troposphere are scarce. To our knowledge only two studies
exists which, however, are in contradiction. [Popovicheva et al., 2001] measured adsorption
isotherms and uptake coefficients of water on soot between 295 K and 250 K and observed a
decrease of the amount of water adsorbed on the soot surface as well as a decrease of the
uptake coefficient with decreasing temperature. In contrast, Alcala-Jornod et al [Alcala-
Jornod et al. 2002] found that the initial uptake coefficient of water increased with decreasing
temperature. In addition, the residence time of water on the surface increased by two to three

orders of magnitude whilst lowering the soot surface temperature from 298 K to 193 K.

1.3.2 Reaction of NO, with soot surfaces

The reaction of NO, with soot has been extensively investigated in the laboratory with diverse
laboratory methods, under different experimental conditions, with soot samples originating

from gas as well as liquid fuels and produced under different combustion conditions.

The reaction between NO, and soot has been investigated with different laboratory techniques
including: low pressure reactor — Knudsen cell [Stadler and Rossi, 2000], [Tabor et al,.1994],
[Salgado and Rossi 2002], [Grassian, 2001], [Al-Abdaleh and Grassian, 2000] and molecular
diffusion tube (MDT) — [Alcala Jornod et al., 2000]; flow tube reactor - [Longfellow et al.,
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1999], [Lelievre et al., 2004]; aerosol chamber studies — [Saathoff et al., 2001]; TPD - MS
analysis - [Jeguirim et al., 2004], [Muckenhuber and Grothe, 2006]; FTIR Spectroscopy
[Chughtai et al., 1990a, 1990b], [Al-Abdaleh and Grassian, 2000]; DRIFTS Spectroscopy
[Muckenhuber and Grothe, 2006]; filter experiments [Kleffmann and Wiesen., 2005]; diode
laser spectroscopy [Kleffmann et al., 1999]

Most of the references found describe the reaction of NO, with soot at ambient temperature
[Saathoff et al., 2001], [Alcala Jornod et al., 2000], [Stadler and Rossi, 2000], [Tabor et
al,.1994], [Salgado and Rossi 2002], [Grassian, 2001], [Al-Abdaleh and Grassian, 2000],
[Kleffmann et al., 1999] but in some other studies the temperature dependence is investigated
[Longfellow et al., 1999], [Chughtai et al., 1990a], [Jeguirim et al., 2004], [Lelievre et al.,
2004], [Muckenhuber and Grothe, 2006].

A very good summary of the literature data for the uptake coefficients of NO, on soot for the
period 1993 — 2004 is given by [Lelievre et al., 2004]. It is apparent that of great importance
for the uptake coefficient values reported is the surface area of the sample. The values for y
referenced to the geometric surface area vary between 1.0-10" and 1.2-107 [Tabor et al.,
1993, 1994], [Rogaski et al., 1997], [Gereke et al, 1998], [Longfellow et al., 1999], [Stadler
and Rossi, 2000], [Salgado and Rossi, 2002] and these, calculated with the BET surface area
of the sample vary from 1.2:107 to 2.4-10™® [Kleffmann et al,. 1999], [Kirchner et al., 2000],
[Al-Abadleh and Grassian, 2000], [Stadler and Rossi, 2000], [Saathoff et al., 2001], [Lelievre
et al., 2004]. This is due to the fact that the geometric surface area represents a lower limit for
the surface involved in the heterogeneous reaction and the values of y are upper limits,
respectively. In terms of the temperature dependence of the uptake coefficients they are found
to be temperature independent for the interval 240 — 350 K [Lelievre et al., 2004], and for the
two temperatures investigated — 295 and 262 K [Longfellow et al., 1999].

In some earlier studies [Akhter et al., 1984], [Chughtai et al., 1994] NO, N,O, CO as gas
phase products from the reaction of soot with NO,/N,O4, have been reported. For these
studies the reaction was performed at 333K and with hexane soot, which was characterized as
predominantly aromatic with oxygen containing functional surface groups [Smith and
Chughtai, 1995]. [Tabor et al., 1994] found that the only major product resulting from the
heterogeneous interaction with three different carbon samples at ambient temperature was

NO, resulting from redox type chemistry on the surface of the amorphous carbon. They also
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found that the rate of conversion of NO, to NO differs greatly between the three carbon
samples investigated. Similar 100% conversion of NO; to NO on commercial soot is reported
by [Rogaski et al., 1997]. [Jeguirim et al., 2004] also found as main gas phase product NO,
but they also report that the NO, adsorption leads to the formation of oxygen and nitrogen
surface complexes such as —C(O) and —C(ONQO), analysed by TPD measurements. From
TPD-MS and DRIFTS investigations [Muckenhuber and Grothe, 2006] also suggest the
formation of new acidic surface functional groups due to the reaction of NO, with soot
surfaces, decomposing to CO, and NO upon heating. In another studies [Al-Abdaleh and
Grassian, 2000] and [Kirchner et al., 2000] the surface products formed due to the reaction of
NO, with soot are investigated with FTIR spectroscopy. They observe formation of surface

species like R-ONO, R-NO, and R-O-NO,.

In some recent studies HONO 1is reported as an important gas phase product from the
interaction of soot particles with NO, [Ammann et al., 1998a, 1998b], [Gerecke et al., 1998],
[Longfellow et al., 1999], [Kleffmann et al., 1999], [Al-Abdaleh and Grassian, 2000], [Alcala
Jornod et al., 2000], [Stadler and Rossi, 2000], [Salgado and Rossi 2002], [Lelievre et al.,
2004]. For example [Gerecke et al., 1998] have observed simultaneous formation of HONO
and NO by the uptake experiments of NO, on ethylene, acetylene and toluene soot and the
branching ratio for these two products have been found to be a function of the soot sampling
position within the flame — with increasing distance of the flame base the HONO yield
decreases. On the other hand in the study of [Lelievre et al., 2004], the HONO yield was
found to be independent of the soot sampling position. Both [Lelievre et al., 2004] and
[Longfellow et al., 1999] observed similar HONO yields for the different types of soot
investigated, from 13+5 to 30+£5 %. [Longfellow et al., 1999] investigated methane, propane,
kerosene and hexane soot and [Lelievre et al., 2004] used toluene, kerosene and hexane soot
for their studies. Both research groups, however, found that the HONO yield is temperature
dependent — [Lelievre et al., 2004] investigated it for the interval 240 — 350 K, and
[Longefllow et al., 1999] performed measurements at 323 and 373 K. Both groups found that
HONO yield increases with increasing temperature, although the temperature interval
investigated was relatively narrow. [Longfellow et al., 1999] also reported that water is
involved in the conversion of NO, to HONO, and that relative humidity is a major factor
determining the absolute amount of HONO produced. [Kleffmann et al., 1999] also observed
the relative humidity influence on the HONO production rate. Working with commercial and

freshly produced flame soot samples they observed a 15 — 80 % yield of HONO depending on
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the reaction time and relative humidity. Another research group pointed out that the air/fuel
ratio by soots produced in diffusion flames is an important parameter influencing the NO,
conversion to HONO or NO [Stadler and Rossi, 2000], [Salgado and Rossi 2002]. For soot
samples originating from a rich flame HONO yield of up to 100% was observed and it
decreased to a few percent for soot generated in a lean flame [Stadler and Rossi, 2000], and
for soot generated in extremely lean flames as a main product was observed only NO
[Salgado and Rossi 2002]. The reduced yield of HONO was explained with the possibility of
HONO decomposition on the surface of samples generated under lean flame conditions. This

is also confirmed from the investigations of [Alcala Jornod et al., 2000].

The number of active sites for reaction can be determined, for a first order process (one NO;
molecule lost per active site), from the maximum number of NO, molecules which can be
taken up per unit sample (per milligram or per cm?). [Lelievre et al., 2004] found from
3.1-10" to 4.8:10" active sites per cm® for the different types of soot measured (hexane,
toluene, kerosene). [Kalberer et al., 1999] reported a lower limit of ~1.0-10'* molecules cm™
for a graphite spark generator soot. For the same type of soot [Kirchner et al.,2000]
determined 2.2:10'* molecules cm™. [Al-Abadleh und Grassian, 2000] reported 1.4-10"
molecules cm™ for hexane soot. It is apparent that this parameter is very dependent upon the
type of soot used in the investigation, the surface area used for the calculation and also the

experimental conditions.

An important consideration for the atmosphere, besides the study of the primary products in
the interaction of NO, with soot, is the role of the substrate in this reaction. Basically there are
three possibilities. One is that the soot surfaces play a catalytic role in this interaction and
remain unaltered. Second possibility is that soot is deactivated (saturated) due to the reaction
to play further an important role in any other following interactions, and the third possibility
is that soot is consumed in the course of reaction. The literature sources are rather split on this
problem. For example [Tabor et al., 1994] suggested that the overall reaction reduced NO,
while oxidizing carbon on the surface, and it would deactivate the soot over time. [Kleffmann
et al., 1999] also proposed a complicated reaction mechanism in which soot is a reactant and
the increase of the NO, consumption leads to deactivation of active sites on the soot surface.
On the other hand [Longfellow et al., 1999] found that the reaction proceeds with no loss of
soot, and rather soot is the catalytic site for the interaction with NO, and water to form

HONO. [Lelievre et al., 2004] were able to observe deactivation of the soot samples towards
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NO, after ageing under outdoor conditions and for soot aged more than 20 hours complete

deactivation and no uptake of NO, was observed.

Concerning the third possibility mentioned above, we have found several studies in which the
consumption of soot due to the reaction with NO, is observed but for the higher temperatures
interval — above 523 K [Kandylas and Koltsakis, 2002], [Setiabudi et al., 2004]. In these
studies is investigated the possible application of the reaction in the soot particulate filter
technology, for regenerating the filter part of the exhaust gas catalyst. They were mainly
performed with diesel engine soot, and with the participation of different catalysts for better

effectiveness of the reaction [Kureti et al., 2003a, 2003b, 2003c¢].

1.3.3 Reaction of SO, with soot surfaces

The reaction of SO, with soot is not so much studied like the already discussed interaction of

NO, with soot.

In some earlier studies the interaction of SO, with black carbon and activated carbon was
investigated. [Otake et al., 1971] measured the reaction kinetics of SO, on activated carbon at
323 and 373 K by exposing the substrate to streams of gases and then immersing it in water
and measuring the pH. Fitting a Langmuir-Hinshelwood model, they obtained an enthalpy of
adsorption of SO, of 27.6 kJ mol'. [Baldwin, 1982] investigated the interaction of SO, and
charcoal and found a first order uptake process in both SO, concentrations (4:10” and 4-107
mbar) and in the amount of charcoal with a maximum of about 1 mg SO,/ g carbon. Further
[Rogaski et al., 1997] performed this reaction with black carbon (Degussa FW-2, virtually
pure carbon) at room temperature and partial pressure of SO, from 6-10 to 1:10 mbar in a
Knudsen cell reactor. They obtained initial uptake coefficients for SO, adsorption of 3-107.
However, all of these studies investigated only pure carbon soots, but it is known that for
example the soot particles, collected in the exhaust plume of aircraft, show significant
presence of oxygen and other organic components [Sheridan et al., 1985]. Therefore is also
important the investigation of different flame soot types. [Akhter et al., 1991] and [Smith and
Chughtai, 1995] measured the oxidation of SO, in the presence of n-hexane soot at room

temperature with around 260 mbar SO,, with and without oxygen and water. They found that

SO, oxidizes to HSO; but only in the presence of water and oxygen.
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1.4 Aims of the work

As already discussed in the previous chapters gas phase chemistry of the atmosphere is much
better studied than heterogeneous chemistry. For the latter there are some important questions
which still remain uncertain. They concern the potential of the heterogeneous processes to
change the aerosol particles in order to remove them or to modify their surface and activate

them for further chemical processes in the atmosphere.

We have chosen mineral dust and soot surfaces as typical heterogeneous surfaces ubiquitous
in the atmosphere, which role is still not very well understood. We have tried to characterize
these surfaces in terms of two important issues. The first is their ability to serve as cloud/ice
condensation nuclei, for which hydrophilicity is an important parameter. The second is the
reactivity of these surfaces towards typical trace gases like NO, and SO, and their potential
role in atmospheric chemistry. The results represented further in this work can be divided,

regarding these two important issues:

i. Investigating the hydrophilicity of mineral dust and soot surfaces.
As already mentioned hydrophilicity is a critical but difficult to quantify parameter,
characterizing the possibility of aerosol particles to act as surfaces for the nucleation of water
vapour to form either liquid droplets or ice particles and hence influence the cloud formation.
From the classical point of view hydrophilicity can be defined from the contact angle between
the heterogeneous surface and a water droplet. The contact angle, however, is a macroscopic
concept, and can not be applied for surface coverage of only a few monolayers. But in the
atmosphere once a particle is completely covered with a monolayer of water, further water
molecules can condense on that surface and activate it for further nucleation. Therefore the
kinetic parameters for water adsorption at atmospheric conditions are very important to be
studied. Adsorption and desorption rates together with the amount of water adsorbed, are

important parameters in the assessment of the hydrophilicity of an atmospheric particle.

In the case of mineral dust there are no such kinetic studies for atmospheric relevant
temperatures below 298 K. And in the case of soot the obtained results for this temperature
region are controversial. Therefore, the adsorption and desorption kinetics of water on soot
and mineral dust will be investigated in an extended temperature range from 203 K to 323 K

for the first time. In the following chapters are represented the results from experiments
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performed at water vapour pressures below 1 Pa in a low pressure flow reactor (Knudsen
cell). Obtained are kinetic data for the adsorption and desorption processes as well as
thermochemical data in from of surface coverages and adsorption enthalpies. The results for
the two surfaces are compared in order to assess whether hydrophilicity, a macroscopic
property of a surface, can be characterized by fundamental quantities such as kinetic

parameters.

ii. Investigating the reactivity of soot surfaces towards SO, and NO,
The importance of SO, as typical atmospheric trace gas comes from the fact that it can be
oxidized to form sulphuric acid which in turn contributes to acid precipitation. The two
possibilities of SO, oxidation — via gas phase and aqueous mechanisms — are very well
studied as discussed before. Not very well understood is the possibility of heterogeneous
oxidation of SO, to sulphuric acid on soot surfaces. This process is very important because if
SO; is oxidized to H,SO4 on soot, then the sulphuric acid can nucleate the formation of water
droplets that may lead to visible aircraft contrails. Some studies of this interaction for lower
temperatures relevant for the atmosphere exist, but all of them investigate only pure carbon
soots, which are not representative for the soot particles collected in the exhaust plume of
aircraft. And the studies investigating different flame soot types (which are believed to have
similar structure to aircraft soot) are performed only at room tempereature. Therefore another
aim of our work was to investigate the interaction of SO, and two types of flame soot
(ethylene and kerosene) at temperatures below 298 K and asses their relevance for the

atmosphere.

NO; is part of the so called NOy species in the atmosphere which play an important role in
both polluted and unpolluted areas, because of their contribution to the distribution of the OH
radical, which is responsible for the initiation of most of the daytime chemistry of the
troposphere. The gas phase chemistry of the NOy species is very well studied as discussed
above, in contrast to their heterogeneous chemistry. It is possible that the NOy species
undergo heterogeneous reactions on soot surfaces, abundant in the atmosphere, and the latter
could influence the NO/NO, balance in NOy and indirectly have impact on the ozone
formation, or could lead to some important products like HONO which could also have an
impact on ozone formation at sunrise. Therefore, is important the investigation of the

interaction of NO, and soot surfaces at lower temperatures, relevant for the atmosphere.
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Another very important implication for the interaction between soot surfaces and NO, at high
temperatures, which is not very well studied but of great importance in the recent years, is its
importance for the soot particulate filter technology. This reaction is used for regenerating the
filter from the gathered particulate matter which is oxidized via NO; to NO and CO, at
relatively low temperatures of about 250°C. Therefore one of the aims of our work was the

investigation of this reaction at higher temperatures up to 670 K.

Summarized for the reactivity of atmospheric particles, in the following chapters are
represented the results for the investigation of the behaviour of two different soot samples
(ethylene and kerosene) towards NO, and SO, in a wide temperature interval (180 K < T <
670 K) for the first time, in order to assess the importance of these interactions, on one hand
for the atmosphere in polluted urban areas (for the lower temperatures), and on the other hand
for the possible application of the reaction of soot and NO; (at higher temperatures) for the

soot particulate filter technologies.
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2 EXPERIMENTAL PART

2.1 Knudsen cell reactor

All measurements for obtaining the kinetic results have been performed in a so called
Knudsen cell. This kind of technique has been first described by [Golden et al., 1973],
reviewed by [Caloz et al., 1997] and has been used in recent years to study the kinetics of
chemical reactions of wide variety of systems [Caloz et al., 1998], [Aguzzi and Rossi, 1999],

[Hanisch and Crowley, 2003], [Goodmanet al., 2001], [Mochida et al., 2000].

2.1.1 Description of the apparatus

A detailed scheme of the Knudsen cell experimental setup can be seen in Figure 2.1-1:

Gas handling system

T T T
:_ Main vélume

Pump

Calibrated
volume

I

Lock-in PC

’—I_:I—:I

Movable plunger

QMS _
| H, % Gas_ inlet 1
|_ ’_-I_l' capillary
__l I__
Chopper
I pp H

Orifice Gas inlet 2

1o electromagnetic
\ valve
! L L

Vacuum chamber Turbo Knudsen-cell
housing the MS pump reaction chamber

Z

Figure 2.1-1: Schematic representation of the Knudsen cell experimental setup
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It consists basically of a gas-handling system, Knudsen cell chamber and differentially
pumped vacuum chamber, housing the quadruple mass spectrometer (QMS). The gas-
handling system represents a glass tube with outlet for the pump (KF flange) and for the
reactor (teflon tube), respectively, and three stop-cocks type Rotulex for the connection with
the glass flasks with the reactive gases. The pressure inside it is regulated by a Rotary Vane
Vacuum Pump, (Pfeiffer Vacuum, DUO 5) and measured by a Baratron® absolute pressure
transducer (MKS Instruments, 522, range 0.01 to 10 Torr). Its volume is approximately 540
cm’ (including the specially measured calibrated volume of 65 cm’). For the long time steady
state measurements an additional volume (2L) has been used in order to guarantee a constant

flow of molecules entering the reactor during the whole time of the measurement.

The reactive gas species enter the Knudsen reactor either through a capillary (length = 50
mm; dinner = 0,2 mm), for the steady state measurements, or through an electromagnetic valve
(Parker Instrumentation), for the pulsed measurements, and leave the reaction compartment
through a small orifice with adjustable diameter (2.2; 4; 8.2; 12 mm). This diameter
determines the residence time and concentration of the gas molecules in the reaction chamber.
The actual reaction chamber is represented by a stainless steel cross, the inner walls of which
are coated with a fluoropolymer (Teflon, Dupont, FEP 120, dispersion) in order to eliminate

adsorption or reaction of the gas species at the wall surfaces.

After escaping from the reaction chamber through the orifice, the effusive beam enters the
differentially pumped vacuum chamber, housing the QMS, where it is modulated by a
chopper operating at 70 to 80 Hz, and finally detected by a Quadruple Mass Spectrometer
(Balzers Instruments, QMG 421). The pressure in the vacuum chamber is regulated by two
turbo molecular vacuum pumps (Pfeiffer Vacuum, TMH 520; Leybold Vacuum, Turbovac
151) and is measured by two Compact FullRange™ Gauge (Balzers Instruments, PKR 251).
The mass-spectrometer signals are lock-in amplified for better sensitivity and better signal-to-
noise ratio and are processed by a PC. Depending on the gas under study detection limit of

5-10” to 5:10'° molecules cm™ is obtained with this experimental setup.
The condensed sample is placed at the bottom of the reaction chamber and can be isolated

from the rest of the volume by a movable plunger. The sample compartment represents only

about 2% to 4% (depending on the type of sample support used) of the total volume of the
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reaction chamber which eliminates the effects of dilution of the reactant due to volume
expansion as well as the systematic errors associated with the abrupt increase of the non-

reactive surface area.

The sample is previously prepared either on a copper or a quartz disc sample holder (see
Chapter 2.5), after which it is placed in the sample compartment. For the measurements
performed four different sample supports have been used: for room temperature, for high
temperature and for low temperature measurements. They are schematically represented

respectively in Figure 2.1-2, Figure 2.1-3 and Figure 2.1-4.

The room temperature support represents just a quartz glass cover (1 cm thick), on which the
sample is placed (gathered either on a copper or a quartz disc) and then mounted tight at the

lower part of the reaction chamber.

Sample layer

—

Quartz covel\

Quartz/copper disc

Figure 2.1-2: Room temperature sample support

Sample layer

Thermocouple Quartz/copper
disc
Heating cartridge
Copper/stainless steel

base
Cooling water

Figure 2.1-3: High temperature sample support

The high temperature support represents either a copper or a stainless steel block as a base, in
which is embedded a heating cartridge (Metric Firerod Heating Cartridge, d = 6mm, Watlow).
It can be used for the temperature interval 300 — 700 K and the temperature of the block is
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measured with a thermocouple type K (Omega®) and controlled with temperature controller
(Eurotherm Controls Ltd, Model 2404). The whole system is cooled with water to prevent the

heating of the O-rings and the rest of the reaction chamber.

Sample layer

| ]
N qJ
.9
/ Quartz/copper

Thermocouple y. disc
Copper base II 1
Vacuum isolation [ l Heating cartridge
Cold air flow

Figure 2.1-4: Low temperature sample support

The principle of the low temperature support is similar. In the copper block, besides the
heating cartridge a cooling conduit is embedded through which dry air circulates, cooled with
liquid nitrogen. The temperature is regulated with a temperature controller (Eurotherm
Controls Ltd, model 2404) and measured with thermocouple type K (Omega™). With this
support the samples can be cooled down to 140 K.

All important parameters of the Knudsen cell are summarized inTable 2.1-1:

Parameter Symbol Value
Operation pressure region Py 10~ — 10” mbar
Knudsen cell volume \Y 1.95-10° m’
Surface area of the inner walls Ay 1,25-10" m?
Geometric surface area of the sample A
Room temperature support 1,89:10° m’
High temperature support 1,66:107 m?
Low temperature support 1,02:10° m?
Surface area of the escape orifice A,
d=22mm 3,80-10° m’
d=4.0 mm 1,26:10° m?
d =82 mm 5,02:10° m?
d =12.0 mm 1,17-10% m’

Table 2.1-1: Important parameters of the Knudsen Cell
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2.1.2 Main calculations and measurement principle

The Knudsen cell reactor operates in the molecular flow regime. Because of the very low
pressure inside (10™ mbar < p < 10” mbar) the mean free path of the molecules is larger than
the dimensions of the reaction chamber itself. This means that gas — wall collisions are
favored over the gas — gas collisions, making the Knudsen cell reactor very suitable for

investigating heterogeneous processes.

Every Knudsen reactor of this type is characterized by a specific collision number Z,, with the

walls:

Equation 2.1-1 Z, =—

where A4,, is the surface of the inner walls of the reactor chamber and 4, the surface of the

escape orifice.

Z, 1s the average number of collisions of one molecule, which it undergoes during its
residence time in the reactor. The gas phase residence time of the molecule in the Knudsen

cell is given by the Knudsen equation:

AN

V

Equation 2.1-2 T=—
4,

Cll—

where ¥ is the reactor volume and v the mean velocity of the molecule, defined by the kinetic

theory of gases as:
Equation 2.1-3 v=[—

where R is the universal gas constant, M the molecular mass of the gas species and T the

temperature.

When the molecule inside the Knudsen cell collides with the escape orifice it leaves the

reactor, and the rate constant of this process (k) is given by:

Equation 2.1-4 kew = l = i Ml
Tt 4 \NaM

Having in mind Equation 2.1-1 and Equation 2.1-2 , we can define the collision frequency of

the molecule with the inner walls of the reactor as the number of collisions per unit time, or:
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VA A, |8RT
Equation 2.1-5 w, =W -7 . v 277

quation W . W osc 4V ﬂ-M
Equation 2.1-5 shows that w,, depends only on the geometry of the Knudsen cell reactor, but

not on the size of the escape orifice.

In the presence of a sample the molecule inside the reactor can undergo collisions also with
the sample surface and eventually adsorb or react. In both cases as a result it is removed from
the gas phase. But not every collision with the sample leads to reaction or adsorption. The aim
of the Knudsen cell measurements is to determine the uptake coefficient y, which gives us the

reaction probability. The uptake coefficient y is defined as:

number of collisions leading to loss per unit time _ &

”

Equation 2.1-6 ) = — —
total number of collisions per unit time o8

where £k, is the rate constant of the uptake and can be measured with the Knudsen-reactor,
and w; is the collision frequency of the molecule with the surface of the sample, and can be

calculated with:

A [SRT
Equation 2.1-7 o, =— —
S 4y \NaM

where A; is the geometrical surface area of the sample.

For the measurements of %, performed here, the Knudsen cell reactor has been used in two
modes: steady state (SS) and pulsed (PU). They are both based on the idea of a differential
observation of the out coming flow of the reactant gas in the absence and presence of a solid

sample.

2.1.2.1 Steady state measurements

A typical steady state measurement is shown in Figure 2.1-5. In the beginning of each
experiment a constant flow of molecules Fj, is introduced into the cell, while the reactive
surface is isolated (plunger down). At these conditions no reaction takes place and:

Equation 2.1-8 FE =F, =k NJV

in out
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where Ny is the number of molecules before reaction.

In case of reaction (plunger up, ¢ = Os in Figure 2.1-5) Fj, is the sum of the flow out of the
reactor F,,; and the flow to the reactive surface F,:

Equation 2.1-9 FE =F +F =k NV+kNV
where N, is the number of molecules of the reactant at time ¢ and %, is the first order reaction
rate constant of the gas species with the surface.

From Equation 2.1-8 and Equation 2.1-9 follows:
Equation 2.1-10 k, NV =k NV+kNV

r

N,
Equation 2.1-11 k. =|—2-1|k,
N :

t

60 Adsorption

40 4

30+

Signal [mV]

i WW

plunger up plunger down

204

104

‘ T=265K,C = 2.10"molec cm?, m_ =214 mg ‘
o e ————) A
0 5 10 15 20 25 30

Time [min]

Figure 2.1-5: Typical temporal profile of a steady state measurement for the interaction of water vapour with a

mineral dust surface

Having in mind Equation 2.1-6, Equation 2.1-11 and the fact that the number of molecules

(N) is proportional to the mass-spectrometer signal (5), we can write:

S w

t s

. (SO J kesc
Equation 2.1-12 y=|—-1[—==

where §) is the signal at the beginning of the experiment (no reaction, plunger down), and S, —
the signal at time ¢ during reaction. If we take the signal immediately after opening the

plunger, or the initial signal (S;,;) — Figure 2.1-5, we can calculate the initial rate constant (k;,;)
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and respectively the initial uptake coefficient (). If we consider the signal when steady state

is reached (Ss5) we can calculate respectively — ks and ;.

The number of the adsorbed molecules (N,4) during reaction can be determined from the

integration of the reactive flow to the surface () in terms of the time #:

t
Equation 2.1-13 N, = [ Fdt

f
Having in mind Equation 2.1-8 and Equation 2.1-9 for stationary conditions:

Equation 2.1-14 C;—Z;[ =F=F (0)-F_(t)=(S,-S,)m

out

where F,,(0)/Sy are out coming flow/signal, respectively, in the absence of sample (plunger

down), F,,(%)/S; — out coming flow/signal in the presence of sample at time ¢ and m is the

calibration factor.

Adsorption

Signal [mV]

‘ T=265K, C,=2.10"molec cm”’, m_= 214 mg ‘

0
0 5 10 15 20 25 30

Time [min]

Figure 2.1-6: Calculating the number of adsorbed molecules from the integrated signal

Integration of Equation 2.1-14 yields the number of adsorbed molecules (N,gs):

t
Equation 2.1-15 N,y =m|[(S,~S,)dt

fy

t
Graphically I(SO —§,)dt 1s given by the hatched area (B), represented in Figure 2.1-6 and the

)
number of adsorbed molecules up to time # can be calculated with:

Equation 2.1-16 N,=m-B
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Because of the time dependence of the out coming signal, the integration for obtaining N4

has been done numerically with the software Origin®, version 6.0 (Microcal Corporation).

Having in mind the model of Langmuir adsorption for the interaction taking place into the
Knudsen cell, we can calculate some more important coefficients describing the process. This
model takes into consideration always the equilibrium process on the surface:

kads
Equation 2.1-17 [gaS] +{st=2{gas s},
ke

where { } indicates surface species, [ ] — gas phase species and s — active surface sites for
adsorption. This equilibrium is defined with the two rate constants of adsorption and
desorption, respectively k,qs and kges.

The rate of this reaction is defined with:

Equation 2.1-18 - d[ifs] =k, {s}-[gas]—k,, -{gas- s} %

where { } indicates surface concentrations, [ | indicates gas phase concentrations, V' is the

volume of the gas and A4 is the area available for adsorption/desorption.

At the beginning of each experiment (¢ = Os; immediately after opening the plunger) we have
a fresh sample surface. This means that all the available surface sites for adsorption {s} are
free (surface coverage € = 0, surface concentration {gas--s} = 0) and no desorption is taking
place. In this case we can ignore the second term in Equation 2.1-18, which is responsible for
desorption, and the rate of the reaction can be represented only with the adsorption rate
constant (k,q). The latter represents the initial rate constant (k;,;), measured with the Knudsen
cell, directly after opening the plunger and exposing the fresh sample surface to the reactive
gas species:

Equation 2.1-19 k, =k,
The desorption rate constant (kq.s) can be also calculated based on the flow balance for the
Knudsen cell during reaction. According to it:

Equation 2.1-20 0=F, (0)-F, ()-F.(t)+F,(?)
where Fu(t) is the desorption flow coming off the surface at time ¢ during reaction. We can
rearrange Equation 2.1-20 in terms of the desorption flow:

Equation 2.1-21 F,®)=F @)+F(t)-F,(0)

out
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The reactive and the out-going flows for first order process can be given with:
Equation 2.1-22 F, () =k, -[gas(?)]
Equation 2.1-23 F.(t) =k, -[gas(®)]

After combining Equation 2.1-22 and Equation 2.1-23 we obtain:

F,@0) _F@)
k. k

esc ads

Equation 2.1-24

nd, having in mind Equation 2.1-19, we can calculate the reactive flow with:

k. .
Equation 2.1-25 F.(t)= ﬁ -F,, (1)

esc

If we substitute in Equation 2.1-23 F,(¢) with Equation 2.1-25 we obtain the final equation

which has been used for calculating the desorption flow (desorption rate):

Equation 2.1-26 F,(t)=F, () {1 + /];—} - F,(0)

On the other hand for a first order process the desorption rate is:

dNads

Equation 2.1-27 F, @)=~ 7 ~=k,, N, (1)
: ’ : 2

where N,4(¢f) i1s the number of adsorbed molecules during reaction at time ¢ It can be
calculated from the integrated signal up to time ¢ (as explained above).
Using Equation 2.1-27 we can obtain the desorption rate constant (k) as the slope of the line

from the graphic representation Fy.(?) as a function of number of adsorbed molecules N,4(?).

The reaction order can also be determined with the help of the steady state measurements.
For a heterogeneous reaction:

n [G]+ p {S} — Products
where G is referring to the gas species, S to the solid species and n, p are stoichiometric
coefficients, the rate of the reaction can be given by the following equation:
d|G "
Equation 2.1-28 F Z—%Zk-[G] -{S}p
t
Under the assumption that the number of reactive surface sites on the solid surface is constant,

we can write:
Equation 2.1-29 k.=k {Surface}p

where £, is the rate constant for a pseudo-first order reaction. Then the rate law (Equation

2.1-28) changes to:
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Equation 2.1-30 Fr — kr [Gas]n

Under this condition the rate constant of the reaction depends only on the concentration of the
gas species. If we take the logarithm of Equation 2.1-30 we obtain:

Equation 2.1-31 log F, = n-log[Gas|+logk,
From Equation 2.1-31 follows that from the double logarithmic presentation of the loss rate to
the surface versus gas concentration, we can obtain the reaction order n from the slope of the
line.
The loss rate (F)) to the surface can be calculated with:

Equation 2.1-32 F =F—-F =m(S,-S,)
where F/Sy is the flow/signal at the beginning of the experiment (plunger is closed), F//S; is
the flow/signal at time ¢ during the experiment (plunger is opened) and m is the calibration

factor.

2.1.2.2 Pulsed valve measurements

For the pulsed measurements the gas species are introduced into the chamber through an
electromagnetic valve, which opens only for a few milliseconds (3 — 6 ms). Here, similar to
steady state experiments, also is compared the outgoing flow in the absence (plunger down)

and presence (plunger up) of the sample.

The advantage of the pulse technique compared to the steady state technique is that the net
loss of the gas through effusion or reaction can be observed in “real time”. Because of the
very small amount of substance which enters the Knudsen cell with one pulse, the effects of
surface saturation can be avoided and the initial rate constant (k;,;) can be measured more

accurately [Seisel et al., 2006].

A typical pulse measurement is shown in Figure 2.1-7. The upper curve represents the so
called control pulse — when the sample is isolated (plunger down) and no reaction takes place.
Then the decrease of the concentration inside the reactor is given by:

Equation 2.1-33 F (t)= —% =k, N(t)

After rearranging the variables and integration:
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Equation 2.1-34 InN, =-k, t+InN, < InS, =-k,t+InS,

From the logarithmic presentation of the MS Signal as function of time, k.. can be

determined from the slope of the descending signal as shown in Figure 2.1-8.

control pulse (plunger is closed)

MS Signal [Volt]

W Aot

0 et

. , . .
0,0 0,2 0,4 0,6 0,8
Time [s]

Figure 2.1-7: Typical pulsed measurement — uptake of D,O on kerosene soot

The lower curve in Figure 2.1-7 represents the reactive pulse, in the presence of sample

(plunger is opened). In this case:

Equation 2.1-35 Foo) =0 - k)N
d —
After integration:
Equation 2.1-36 InN,=-k, t+InN, < InS, =k, t+InS,

From the logarithmic presentation of the MS Signal as function of time, k4. can be

determined from the slope of the descending signal (Figure 2.1-8).

In the presence of sample the signal of the reactive pulse has a steeper slope because of the
additional loss process (the reaction). From the difference of the two slopes, the desired rate
constant of the reaction (k,) can be obtained:

Equation 2.1-37 k. =k,.—k

esc
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And, respectively, from Equation 2.1-6 follows:

kr kdec — kesc
Equation 2.1-38 y=—L=_gc o
[0 .

N S

If we know the corresponding calibration factor m we can calculate the total number of the
gas molecules inside the Knudsen cell during the measurement.
For the control pulse:

Equation 2.1-39 F ()= —% =k, -N@E)=m-S(t)

20,086
E slope =-k__; control pulse

7,389
2,718 ]

1,000 ;

In(Signal)

0,368

0,135-2 }.-'

0,050 - |

il
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o0 01 02 03 04 05 06 0,7 0,8
Time [s]

Figure 2.1-8: Logarithmic presentation of the pulse measurements signal (control and reactive pulse), shown in

Figure 2.1-7, for obtaining the constants ks, and kge..

From Equation 2.1-34 and the fact the MS Signal is proportional to the number of molecules
in the cell, we can write:

Equation 2.1-40 S =8, exp(—k,.t)

esc

After substituting Equation 2.1-40 in Equation 2.1-39 and following integration:

—n]:—SOexp(—kmt)

esc

Equation 2.1-41 N

total —

f
And if we have tp = 0 and 7,0 = o, the total number of molecules during the control

experiment is given with:

Equation 2.1-42 N,

total

Pv“g

esc
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From the same assumptions, for the total number of molecules during reaction can be written:

m

_SO

dec

Equation 2.1-43 N,

total —

And finally the number of adsorbed molecules, due to the uptake experiment is:

N total

Equation 2.1-44 N, =N,

total ~

This pulse measurements regime has been used to determine the rate constant of escaping
from the cell (k.s) for the reactant molecules. For the gases used, all the escape constants, for

the different orifices, are summarized in

Table 2.1-2.
H,O0 NO, NO HONO SO, HCl
m/e 18 m/e 46 m/e 30 m/e 47 m/e 64 m/e 36
4 mm 0.60 0.47 0.53 0.47 0.45 0.60
8.2 mm 3.00 1.72 2.18 0.81 1.56 228
12 mm 5.92 3.74 422 2.05 3.30 3.98

Table 2.1-2: Escape constants for reactive gases for the different orifices

Having in mind Equation 2.1-4 for the theoretical calculation of k.., we should expect that
kese 18 proportional tol/+/M . In order to prove this dependence, the experimentally obtained

values for all orifices are summarized as a function of 1/+M , in Figure 2.1-9.

6,0
1 O 4 mm orifice
57 O 8 mm orifice
5,0 - /A 12 mm orifice
4,5
4,0
Ty 354
j 3,0
2,5
1 O
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0,5 ’—E’—_E’—D—__E'—/E_I
; ; , ; , ; , ; ,
0,02 0,04 0,06 0,08 0,10 0,12

12
M

Figure 2.1-9: Graphic representation of the dependence of the escape constant (k,,.) on the molecular mass (M)
of the reactant species
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2.2 Diffuse Reflectance Infrared Fourier Transformation
Spectroscopy (DRIFTS)

Vibrational spectroscopy is one of the few methods that can be easily adapted for in-situ
characterization of solid sample surfaces. Especially DRIFTS (Diffuse Reflectance Infrared
Fourier Transformation Spectroscopy) is very effective for investigating heterogeneous
processes on numerous surfaces [Vogt and Finlayson-Pitts, 1994], [Borensen et al., 2000],
[Borensen, 2000], [Ullerstam et al., 2003], [Reinhardt and Zellner, 2003]. The use of a diffuse
reflectance set-up allows observations on powdered samples without any complicated
previous sample preparation. Therefore, possible structural changes in the material, which
may occur, e. g., during the high-pressure fabrication of KBr-pellets required for transmission
mode experiments, are avoided. Moreover, the possibility to pass reactant flows through the
sample with precise control of temperature and flow rates predestines in-situ DRIFTS for

measurements under conditions very close to those of many other technical applications.

Schematically the DRIFTS cell experimental setup, used for characterisation of our samples,

is shown in Figure 2.2-1:

FTIR Spectrometer
M3 Sample Compartment M2
] LT
s M3 M4
¥ 1 -
IR-Beam IR-Beam
to Detector
Cooling
Wyater
A Heater Sarmple ™, CaFZ2 Window Y
*B Thermo couple Support Mesh

Gas Handling System

Figure 2.2-1: DRIFTS experimental setup
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It consists of a gas handling system and the IR spectrometer Bruker IFS 66, where the Purged
Praying Mantis™" Diffuse Reflectance Attachment (Harrick Instruments) is mounted in the
path of the IR beam in the sample compartment. The gas handling system is similar to the one
for the Knudsen cell experimental setup. The pressure inside is regulated by a Rotary Vane
Vacuum Pump, (Pfeiffer Vacuum, DUO 5) and measured by a Baratron® Absolute Pressure
Transducer (MKS Instruments, 522, range 1+1000 Torr).

The sample is mounted in the Praying Mantis™ in a specially designed sample holder (for
measurements at atmospheric pressure) or in a Low Temperature Reaction Chamber (for
measurements under vacuum). Mirrors M1 and M2 transfer the spectrometer IR beam to the
first of the ellipsoids, M3, which focuses the beam onto the sample (Figure 2.2-1). The second
ellipsoid, M4, collects the radiation diffusely reflected from the sample. This radiation is then
directed by mirrors M5 and M6 toward the detector. The design of the Praying Mantis allows
for high throughput while discriminating against the collection of the specular component of

the reflected beam which can interfere and worsen the obtained IR spectra.

The basic theory of the DRIFTS measurements and the fact that they can be used for
qualitative as well as for quantitative analysis has been developed previously in the thirties
[Kubelka and Munk, 1931] and later by Kubelka [Kubelka, 1948]. It relates the absorption
and scattering of completely diffuse monochromatic radiation by a homogeneous isotropic
substance (solid sample) to two parameters K and S accounting respectively, for absorption
and scattering (Equation 2.2-1), which are proportional, under certain experimentally
attainable conditions, to a and s (the true absorption and scattering coefficients) defined by

exponential Bouguer laws [Delgas, 1979].

2
Equation 2.2-1 K/S= F(ROO) = %

o0

The last expression (Equation 2.2-1) is the well known Kubelka—Munk function relating the
experimentally obtained diffuse reflectance of an “infinitely” thick sample (F(R.)) to the
parameters K and S. For spectroscopic applications this expression is useful to the extent that
for a system for which the scattering (S) is independent from the wavelength of the incident
radiation (M), K reflects the dependence of the absorption energy on the wavelength. This KM
expression allows true absorption spectra to be obtained for strongly scattering samples

[Kortiim,1969]
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2.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) has long played a central role in structural
characterisation of the samples. Its principle of operation can be summarized as follows. An
energetically well-defined, highly focused beam of electrons, scanned across the surface of a
sample, generates secondary electrons (SE), backscattered (or primary reflected) electrons
(BSE), and characteristic X-rays. All these three types of emissions can be used to obtain
topographical and elemental information of the sample. They are collected by different types

of detectors to form images of the sample displayed on a cathode ray tube screen.

By the SEM technique, a detector close to the specimen surface collects SE, with kinetic
energies much lower than the primary incident electrons, which are emitted from just below
the specimen surface. Because of their low energies and low penetration depth, the detection
of secondary electrons as a function of primary beam position makes it possible to attain high
magnifications (as much as 100 000 times in some cases) and high resolutions (up to ~4 nm
resolution) for imaging the areas of interest. Each captured secondary electron causes a flash
of light in a scintillator, which passes down a light guide to a photomultiplier, and this
converts it to an electrical signal. The final signal is proportional to the number of secondary
electrons emitted from the specimen and is used to modulate the brightness of a display spot
on the screen. Resolution is dependent on the size of the probe spot and modern microscopes
can resolve detail to less than 1.0nm. Digital image capture is now a standard feature,
allowing sophisticated image processing techniques to be applied, including colour

enhancement [ICAL, 2005], [Reimer, 1998].

However, the requirements of SEM for the sample preparation, such as a high vacuum in the
microscope sample compartment, and the need for a thin coating, if a non conducting sample
is being analyzed, makes the investigation for some kinds of materials with this technique
very difficult. A possibility for such samples is the Environmental Scanning Electron
Microscopy (ESEM). The main difference between the two techniques is that whereas SEM
requires a relatively high vacuum in the sample compartment to prevent atmospheric
interference with primary or secondary electrons, an ESEM may be operated with high
pressure (up to 10 mbar) in the specimen chamber. For such “wet mode” imaging, water is the

most common gas used. When the electron beam (primary electrons) ejects secondary
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electrons from the surface of the sample, the secondary electrons collide with water
molecules, which in turn function as a cascade amplifier, delivering the secondary electron
signal to the positively biased gaseous secondary electron detector (GSED). Because they
have lost electrons in this exchange, the water molecules are positively ionized, and thus they
are forced/attracted toward the sample (which may be nonconductive and uncoated, also a
great advantage in favour of the ESEM technique), serving to neutralize the negative charge
produced by the primary electron beam. The ESEM also retains the capabilities for
conventional secondary and backscattered electron detection, and the field-emission source
permits very high resolution imaging of coated or naturally conductive samples under normal
high-vacuum and high-voltage conditions. [Prack, 1993], [Reimer, 1998]. In Table 2.3-1 the

main differences between the two techniques are summarized once again [Prack, 1993].

SEM ESEM
Imaging Secondary electrons Secondary electrons, ESD detector
Backscattered electrons Backscattered electrons
Detector | Everhart-Thornley (ET) — functions Environmental Secondary Detector
only in vacum (ESD) — requires a gas background
Working distance 6 — 40 mm 6—15 mm
Limited by scattering
Voltage 1-30kV 1-30kV
Vacuum 10° — 107 torr 3 -20 torr
Atmosphere can be varied
Magnification 10 — 100 000 times 70 — 100 000 times
Resolution 1.8 t0 6.0 nm 5_7nm
usually 4.5 nm
Sample Vacuum compatible Any sample type
conductors only Dynamic reactions
Sample introduction 3 -5 min 30 — 60 seconds
Advantages Higher magnification possible Close to real world conditions
Has good depth of field Higher magnification possible
Has good depth of field
Limitations Requires conductive samples Limited field of view
Fluids can not be analyzed Requires subambient pressure

Table 2.3-1: Comparison of electron microscopy techniques (typical values)

The microscope used for our work was model Quanta 400F, FEI Company. For the SEM
measurements regime we used the high vacuum mode (chamber vacuum <610 mbar) and
for the ESEM mode we used the special Peltier stage in which the sample can be cooled down

to 0°C and the chamber pressure was varied between 1 and 6 mbar.

43



2. Experimental part

2.4 Ton Chromatography

“Chromatography” is the general term for a variety of physico-chemical separation
techniques, all of which have in common the distribution of a component between a mobile
phase and a stationary phase. The various chromatographic techniques are subdivided
according to the physical state of these two phases. lon Chromatography (IC) was introduced
in 1975 as a new analytical method. Within a short period of time, it evolved from a new
detection scheme for a few selected inorganic anions and cations to a versatile analytical
technique for ionic species in general. At the end of the 1970s, ion chromatographic
techniques were used to analyze organic ions for the first time, based on the ion exclusion
process. The 1980s witnessed the development of high efficiency separator columns with
particle diameters between 5 um and 8 pum, which resulted in a significant reduction of
analysis time. In addition, separation methods based on the ion pair process were introduced
as an alternative to ion-exchange chromatography, because they allow the separation and
determination of both anions and cations. Since the beginning of the 1990s column
development has aimed to provide stationary phases with special selectivities. The scope of
ion chromatography was considerably enlarged by newly designed electrochemical and

spectrophotometric detectors [Weiss, 2004].

The principle of IC is the following. For a sensitive detection of ions via their electrical
conductance, the separator column effluent was passed through a “suppressor” column. This
suppressor column chemically reduces the eluant background conductance, while at the same

time increasing the electrical conductance of the analyte ions.

The Chromatograph used for our needs was model DIONEX, DX-120, with Analytical
Column IonPac AS9-HC (4 x 250 mm) and guard column IonPac AG9-HC (4 x 50 mm).

The basic components of an ion chromatograph are shown schematically in Figure 2.4-1. A
pump delivers the mobile phase through the chromatographic system. The sample is injected
into the system via a loop injector. The sample loading is carried out at atmospheric pressure.
After switching the injection valve, the sample is transported to the separator column by the
mobile phase. Typical injection volumes are between 5 pL and 100 pL. The most important

part of the chromatographic system is the separator column. The column tubes are
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manufactured from inert material such as Tefzec, epoxy resins, or PEEK (polyether ether

ketone). In general, separation is achieved at room temperature.

Eluant
Pump
Sample Injection valve
Separator lon-exchange reaction
Suppressor reaction

Detector 1

h Conductivity cell
Output Integrator / Data system

Figure 2.4-1: Basic components of a lon Chromatographic System

The analytes are detected and quantified by a detection system. The most commonly
employed detector in ion chromatography is the conductivity detector, which is used with or
without a suppressor system. The main function of the suppressor system as part of the
detection unit is to chemically reduce the high background conductivity of the electrolytes in
the eluant, and to convert the sample ions into a more conductive form. The chromatographic

signals can be processed further with suitable chromatography software.
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2.5 Substances and sample preparations

For all the measurements performed in this work, the following substances have been used:

2.5.1 Gas phase species

Water (H,0)

As a source of water vapour for the reaction with mineral dust and soot samples, deionized
water has been used. The purification is accomplished with water purification system —
Millipore Simplicity™, which produces ultra pure water Type I (18.2MQ-cm resistivity at
25°C and < 10 ppb Total Organic Carbon). Around 10 ml of it was filled in a Rotulex cool
finger condensation trap, and the air above was carefully evacuated. For further use the cool
finger was connected directly with the gas-handling system and the needed amount of water
vapour was let in. For the mass spectrometer measurements the detection of water was done at

m/e 18 (its main peak).

Deuterium oxide (D,0)

The so called heavy water (99,5% Aldrich) was used as a source for D,O vapor, in order to
explicitly investigate the interaction mechanism between water with mineral dust and soot.
D,0 was filled under N, atmosphere in a cool finger and afterwards also carefully degassed.
The purity of D,O was checked mass spectrometrically. HDO was formed due to a fast H/D
exchange on the walls of the gas-handling system and the reactor. The MS signal ratio of D,O
(m/e 20) and HDO (m/e 19) varied with the gas residence time in the cell from 5,5 (1= 0,16 s)
to 1,2 (t = 1,6s). In addition the measured escape rate constants of D,O have been higher than
for H,O, indicating that HDO is mostly formed inside the reactor. The HDO concentration in
the cell was estimated to vary between 15% and 50% of the D,O concentration. The H,O

content in the D,O/HDO mixture was estimated to be less than 5%.

Nitrogen dioxide (NO>)
For our needs NO, was taken from a high pressure bottle (1.8, Messer) and filled in a 2L flask
up to 500 — 600 mbar total pressure. In order to remove eventual gas phase contaminants it

was cooled down with liquid nitrogen and the rest of the volume carefully degassed. Due to
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the fragmentation of NO, in the mass spectrometer, two peaks have been simultaneously
observed - m/e 30 (for fragment NO) and m/e 46 (for NO,). The ratio (m/e 30)/(m/e 46) was

estimated to vary between 2,8 and 4,9 (separately calculated for each measurement).

Sulphur dioxide (SO;)

Sulphur dioxide was also commercially available (4.5, Messer). For our needs it was filled in
a 2L flask up to total pressure 600 mbar and directly connected to the gas handling system of
the Knudsen cell reactor. Mass spectrometrically SO, is detected at its main peak at m/e 64
and also at peak m/e 48 (for the fragmentation SO). The last is estimated to be 76% of the

main peak.

Nitrogen (N3)
Nitrogen is commercially available and was taken directly from a high pressure bottle (5.0,

Messer). It was used mainly for purging the system or for diluting the reactive gas species.

Hydrochloric acid (HCI)
HCI has been taken from a high pressure bottle (2.8, Air Liquide) and filled in a 6L flask up
to 700 mbar. For our use the flask was directly connected to the gas handling system of the

Knudsen cell.

Nitrous acid (HONO)
Gas phase HONO was needed only to calibrate the mass spectrometer for its signal, in order
to estimate later its yield due to the reaction of NO, and soot. For our needs it was synthesized

from the reaction of solid NaNO; and gas phase HCI, explained in detail in Chapter 2.5.4.

Ethene (C;Hy)
Ethylene was used directly from high pressure bottle (3.5, Messer) as a gas fuel for the

capillary burner to produce the ethylene soot investigated later.
Synthetic air

It was used for burning ethylene in the capillary burner in order to produce the ethylene soot

samples used for the measurements. It consists of 80% N, and 20% O,.
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2.5.2 Solid species

Sodium nitrite (NaNQ5)

Solid NaNO; (99,0 %, Fluka) was used for the reaction with HCI in order to be able to
calibrate the signal of HONO (explained in detail in Chapter 2.5.4). For each measurement
around 15g sodium nitrite was very good ground in a mortar and then mount in the Knudsen
cell sample compartment and carefully evacuated at least for 4 hours, after which the

measurement was performed.

Mineral dust

The mineral dust samples, used for the Knudsen cell measurements, were Sahara dust
samples. This type of dust was chosen as an exemplary substance, because Sahara - the
largest desert in the world — is the main source of mineral dust aerosol in the atmosphere
[Schiitz and Sebert, 1987]. The mineral dust used was gathered as a soil sample from the Sal
Island, one of the Cape Verde Islands Group. This group of islands is situated on the west
coast of Africa and is permanently subject to the air streams carrying particulate matter from
Sahara desert [Rognon et al., 1996]. The samples were provided from LISA (Laboratoire
Interuniversitaire des Systems Atmospheriques), University of Paris. In Figure 2.5-1 is given

the elementary composition of the Sahara dust samples [Desboeufs et al, 1999].

25

Weight %

Element

Figure 2.5-1: Elementary composition of mineral dust [Desboeufs et al., 1999]

For further analysis determination of the BET surface, particle size distribution and density

analysis have been done. The results are summarized in Table 2.5-1:
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BET surface area, [Seisel et al, 2004b] 50 mz-g'l
Range of grain size 1-500 pm
Mean diameter 15 pym
Bulk density 0.93 grem™
Density 2.86 g-em™

Table 2.5-1: Properties of the mineral dust samples

Soot

Two different types of soot samples have been used for the measurements presented in this
work: kerosene soot (KS), obtained by burning aviation kerosene in a simple oil lamp, and
ethylene soot (ES), obtained using a special premixed flame capillary burner. Schematic

presentation of this type of burner is given with Figure 2.5-2 [Hesse, 1988].

The capillary burner consists of an inner burner completely surrounded by an outer burner.
The inner burner represents a stainless steel tube with diameter 57 mm and length 100 mm. It
is divided into two parts — actual burner and mixing chamber. In the actual burner are placed
around 1200 stainless steel capillaries with outer diameter 1,5mm, wall thickness 0,25 mm
and length 60 mm. They are tightly packed on a sinter plate which holds them together and
makes possible the regular and planar alignment of the capillaries which is very important for
the stability of the flame. The inner burner is not water cooled and the flow passing through it
was in the average 300 cm’/s with unburned gas velocity of 12 cm/s. The mixing chamber is

the lower part of the inner burner and is filled with raschig rings.

The outer burner is concentrically situated towards the inner burner and their total diameter is
80 mm. It is filled also with stainless steel capillaries, but with dimensions 25 mm (length), 2
mm (diameter) and 0.25 mm (wall thickness). The gas flows passing through it were in the
average 280 cm’/s with unburned gas velocity 14.2 cm/s. The outer burner is water cooled. It
produces non sooting flames and its main function is to stabilize the flame formed above the
inner burner. This type of burner, shown on Figure 2.5-2, is the so called premixed flame
burner because the combustible mixture is prepared in advance. The gases used are ethylene
(4.0, Messer) as burning substance and synthetic air as oxidant. The precise flow is regulated
with four flow controllers type Rotameter (calibrated for flows measured in standard litre pro

minute — SLM).
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Figure 2.5-2: Capillary premixed flame burner

The advantage of the capillary burner over the usual oil lamp is that with it we can produce
soot samples with very well defined Air/Fuel ratio (Table 2.5-2), and we can investigate how

the different composition influences the properties of the different types of soot.

Kerosene Soot Ethylene Soot
Burner Type Oil lamp Capillary burner
Air/Fuel Ratio - 8.4/1
Flame temperature [K] 1050 - 1100 1700 - 1750

BET surface [m” g 64.8 11.1

Pore volume [ml g”'] 0.14 0.02
Mean particle diameter [pm] 15 25

Bulk density [g cm™] 0.046 0.026

Density [g cm™] 2 2
Elementary Analysis [wt %]

Carbon 94.6 96.3
Hydrogen 0.5 1.0

Nitrogen <03 <03

Sulphur <0.3 <03

Table 2.5-2: Important properties of the two types of soot - comparison
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For both types of soot determination of the BET surface and particle size distribution have
been done, summarized in Table 2.5-2, which has also been expanded with some more
important parameters. From Table 2.5-2 can be noticed the similarity in elementary
composition of both types of soot, but at the same time the difference between the BET

surface areas. This suggests a substantial difference in the structure of the two types of soot.

Ethvlene soot _Kérﬁséilé soot

200pm .

af magnification 500 times

Ethylene =got

bf magnification 4000 times

Figure 2.5-3: SEM picture of kerosene and ethylene soot at two different magnifications: a/ 500 times; b/ 4000
times

In order to gain some more information about the structure of our samples additional SEM
measurements have been done. For them the samples were prepared in the same manner like
for the measurements performed in the Knudsen cell — they were directly gathered from the
flame on the sample holder of the microscope, forming a fine layer. In Figure 2.5-3 are

represented the SEM pictures of ethylene and kerosene soot both magnified 500 times (a) and
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4000 times (b). The waves, visible for the 500 times magnification, are due to the surface of
the sample holder of the microscope and the fact that the sample is gathered as a very thin
layer. But nevertheless for both magnifications it can be seen the finer structure of the
ethylene soot surface, compared to that of the kerosene soot surface. In the case of ethylene
soot the surface is smoother and with no irregularities in contrast to the case of kerosene soot
where even small particles formed are observed (a — KS) and one of them is additionally

magnified (b — KS).

For both types of soot is clearly observed the fine structure of the surface with the tightly
packed soot agglomerates, visible first at the grater magnification (b/). It can be also said that
the free space between these agglomerates in the case of ethylene soot is less than in the case
of kerosene soot which is probably the reason for the smaller BET surface area of these
samples. Quantitatively this free volume between the single agglomerates has been measured
(dV/dD in [ml-g'l-Anm'l]) for both of the samples, and represented as a function of the size

range of the voids in [nm] in Figure 2.5-4.
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Figure 2.5-4: Free space distribution of the kerosene and ethene soot

Figure 2.5-4 shows that for both types of soot voids with small sizes are predominant than the
big size voids and for each size range the voids in ethylene soot have definitely smaller

volume (around 7 times smaller) than in kerosene soot.
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For further analysis of the soot samples we have performed some DRIFTS measurements. A
typical DRIFTS spectrum of fresh kerosene soot surfaces, taken in our laboratory, is
represented in Figure 2.5-5. For the measurement the soot sample has been mixed in a mortar
with CaF, as a reference material with ratio Soot/CaF, = 1/20, in order to improve the
reflectivity of the sample. The spectrum is obtained after subtraction of the spectrum of the
reference material and following conversion into Kubelka-Munk units, with resolution of 4
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Figure 2.5-5: DRIFTS spectrum of fresh kerosene soot

One of the disadvantages of the DRIFTS method is its relative low sensitivity when used for
highly absorbing materials like soot, due to the dilution with reference material. In DRIFTS
we can observe relatively broad bands, compared to the pure IR spectra, but nevertheless
several important regions in the spectrum can be very well distinguished. In Figure 2.5-5 is
given the assignment of the bands, confirming the aromatic structure of the sample with
surface oxygen containing groups, in good agreement with literature data [Akhter et a.,
1985a], [Dandekar et al., 1998]. The DRIFTS spectra of kerosene and ethylene soot look very
much alike. Unfortunately the method was not sensitive enough at our conditions in order to
observe significant differences in the structure. However, as confirmed from our further

results, the two types of soot show extremely different behaviour in their reactivity.
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2.5.3 Sample preparations

Mineral dust samples:

For the Knudsen cell measurements the samples were prepared in the following manner: a
quantity between 130 and 300 mg dry weight of mineral dust was suspended in approximately
0.5 ml de-ionised water and the suspension was subsequently spread on the sample holder
(quartz glass/copper disc). The sample was then mount in either the room- or low-temperature

support of the Knudsen cell and carefully dried under vacuum before each experiment.

For the SEM and ESEM measurements, the mineral dust samples were prepared in the same
manner like for the Knudsen cell, but using much lower quantities (between 1 and 3 mg) and
the sample holder of the electron microscope. The difference between the two techniques is
that the samples analysed in the SEM mode should be made conductive. Therefore they were

sputtered with gold for 10 minutes before the measurement.

Soot samples:

For the Knudsen cell measurements both kerosene and ethylene soot have been directly
gathered from the flame on the sample holder surface (quartz or copper disc), after which it
was mounted in the sample compartment of the Knudsen cell, and the samples carefully dried
under vacuum for at least 10 hours. For the measurements of the reaction of NO, and soot, the
samples were also additionally preheated to 573 K under vacuum for at least 1 hour. The

reasons and effects from this preheating procedure are discussed further in detail.

For the SEM and ESEM measurements, both soot samples were prepared in the same manner
like for the Knudsen cell — gathered directly from the flame of the burner on the sample
holder of the electron microscope. Here again for the SEM mode, the samples were sputtered

with gold for 10 minutes before the measurement.
For the DRIFTS measurements the soot samples were gathered again on quartz plate, but then

mixed with CaF; in a mortar (for better reflectivity of the sample) and afterwards mount in the

sample compartment of the DRIFTS cell.
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For the ion chromatography measurements the soot samples from the Knudsen cell were
diluted in slightly alkaline pure water and put in an ultra-sound bath for an hour before

analysis.

2.5.4 Calibration of the mass spectrometer signals

In order to receive the absolute concentration of the gas species in the Knudsen cell reactor,

the MS-signals should be previously calibrated.

For the calibration, a certain amount of gas is filled in the calibrated volume (V.) and is
introduced through the capillary into the Knudsen cell in the absence of sample (plunger
down). The time is measured (Af), for which the pressure in the calibrated volume decreases
with 0,03 Torr (Ap = 0,03 Torr). The measurements are performed at least at four different
pressures in the calibrated volume and for all four sizes of the escape orifice. The calculations

are based on the ideal gas theory. For an ideal gas:

Equation 2.5-1 pV.=nRT
N VN
Equation 2.5-2 pV.=—RT < pV.N, :NRT@N:M
N, RT
V
Equation 2.5-3 F = d—N = d_p <N,
dt dt RT

where V. is the calibrated volume, p is the pressure in the calibrated volume, N is the number
of molecules inside the cell, N, is the Avogadro’s constant, R is the universal gas constant and
T the temperature in Kelvin. In the absence of a sample the flow entering the reactor (Fj,) is
equal to the flow escaping the reactor (F,,,) and the calibration factor m can be calculated with
the equation:
Equation 2.5-4 F =m-§

where S is the output signal of the mass spectrometer. From the graphic representation of
Fi,=f(S), the calibration factor m is defined as the slope of the calibration line. As an example
in Figure 2.5-6 is represented calibration for NO, as a reactive gas. As already mentioned
NO; is detected at m/e 46 and m/e 30 at the mass spectrometer. The calibration factors for

these two signals are respectively: m3p = 5.11-10% [mV'l s'l] and mys = 2.24-10" [mV'1 s']].

55



2. Experimental part

Knowing the calibration factor m for a given gas, its concentration can be calculated with:

F m-S
Equation 2.5-5 C=—i_ —___ —
k@SCV kQSCV

where V' is the volume of the Knudsen cell, 4. is the escape rate constant and S the output

signal of the mass spectrometer.

All the gas species used for this work, except HONO, are commercially available and can be
directly used for calibration of the mass spectrometer signal. The difficulty with HONO

calibration comes from the fact that there is no available commercial source for it.
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Figure 2.5-6: Calibration factors for NO,

To calibrate the HONO signal (which is detected at peaks m/e 47 and m/e 30) the following

chemical reaction has been used:

Equation 2.5-6 NaNO,,,., +HCI .., = NaCl .., + HONO,,,

It has been performed in the Knudsen cell reactor. Solid NaNO, was mounted in the sample
compartment, and gas phase HCl was used as a reactant. A typical temporal profile of the

signal for this reaction is shown in Figure 2.5-7.
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Figure 2.5-7: Typical temporal profile for the reaction of NaNO, and HCl, used for the calibration of HONO

It can be seen that before reaction when the plunger is closed (times from -50 to 0s) we
observe only the signal for HCI (m/e 36). At time t = Os the plunger is opened and the fresh
NaNOQO; surface is exposed to the gas phase HCL. In the time interval from 0 to 250s we can
observe the rapid decrease of the signal for HCl and the immediate appearance of signals for
the product HONO (m/e 30 and m/e 47). At time t = 250s the plunger is closed again and the

reaction is stopped.
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Figure 2.5-8: Calibration factors for HONO
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2. Experimental part

From the measurement shown in Figure 2.5-7 the reactive flow of HCI to the surface
(FreaceCI) can be calculated, and under the assumption that for each molecule HCI, due to
this reaction, one molecule of HONO is produced, we can estimate the produced flow of
HONO as:

Equation 2.5-7 F,.(HONO)=F,, (HCI)

eact
After investigating the reaction at different initial concentrations of HCl we obtain different
Fyroal{ONO which we can plot against the signal for HONO in mV (obtained directly from the
measurement) for m/e 30 and m/e 47, As a result the calibration factor m cane be calculated

from the slope of the fitted line, as shown in Figure 2.5-8.
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3 RESULTS AND DISCUSSION

3.1 Adsorption of H,O on mineral dust and soot surfaces

In this work results for the uptake of water on mineral dust (MD) at temperatures below 298
K are presented for the first time. In addition, the interaction of water (and deuterated water)
with kerosene soot (KS) at temperatures below 298 K has been studied. The experiments have
been performed at water vapour pressures below 1 Pa in a low pressure flow reactor (Knudsen
cell). Kinetic data for the adsorption and desorption processes as well as thermo-chemical
data in form of surface coverages and adsorption enthalpies have been obtained. The results
for the two surfaces are compared in order to assess whether hydrophilicity, a macroscopic
property of a surface, can be characterized by fundamental quantities such as kinetic

parameters.

Both mineral dust [Ginoux et al., 2001], [Husar et al., 2001], [Tabazadeh et al., 1998] and
soot surfaces [Israel et al., 1996], [Blake and Kato, 1995], [Petzold et al., 1998] are ubiquitous
in the atmosphere and are believed to have a direct effect on its radiation budget and on the
climate, due to their possibility to act as cloud or ice condensation nuclei (CCN/ICN) and
form cirrus clouds [DeMott et al., 2003b], [Hung, et al., 2003], [Pruppacher and Klett, 1980].
In order to estimate this possibility the ability of the particle to act as a surface for nucleation
of water vapour to form either liquid droplets or ice particles should be known. This last

parameter, however, is very difficult to quantify.

From the point of view of the classical nucleation theory the efficiency of a particle to act as
condensation nuclei is given by the contact angle between a water droplet and the particle’s
surface and is referred to as wettability or hygroscopicity [Pruppacher and Klett, 1980]. The
contact angle, however, is a macroscopic concept, and can not be applied for surface coverage
of only a few monolayers. But once a particle is completely covered with a water layer,
further water molecules can condense on that surface. The activation of such particle for water
condensation then only depends on the size of the particle which has to be large enough to

overcome the Kelvin effect at a given relative humidity. Therefore, the microscopic approach
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to the subject of hygroscopicity is also very important. From its point of view a water
molecule colliding with a surface, not completely covered with water, may adsorb at a
reactive surface site and/or desorb back into the gas phase. If the reactive surface sites are
numerous a monolayer of water is readily formed, the particle is completely covered with
water and is consequently activated for water condensation and may be regarded as
hydrophilic. Therefore the adsorption and desorption rates together with the amount of water
adsorbed, are important parameters in the assessment of the hydrophilicity of an atmospheric
particle which will be discussed in this chapter in detail for the two different types of surfaces

(mineral dust and kerosene soot).

The results obtained for the interaction between water and mineral dust/soot can be regarded
basically from two points of view: kinetics and thermodynamics. The kinetic parameters (rate
coefficients, uptake coefficients, reaction order) can be directly calculated from the
measurements with the Knudsen cell reactor. More important is that, based on the kinetic
measurements, we have tried to describe the system thermodynamically in terms of standard

enthalpies and entropies of adsorption, as presented later in this work.

3.1.1 Adsorption of water on kerosene soot surfaces

The investigation of the interaction between soot and water was performed with the two
different types of soot — ethylene and kerosene. For ethylene soot we could observe uptake
only below 140 K, which was interpreted as condensation of water on the cold sample surface
because the vapour pressure of water under our experimental conditions at 140 K and below,
was always higher than the saturation vapour pressure of water. Further in this chapter, only

the results of the interaction of water with kerosene soot are presented.

3.1.1.1 Kinetic approach

For the investigation of the uptake of water vapour on kerosene soot, the samples were
produced in the oil lamp as described before (Chapter 2.5.2). The measurements have been
performed with gas phase concentrations in the range of 5-10'' to 8:10'* molecules-cm™,

surface temperatures between 203 and 298 K and sample masses between 10 and 23 mg.
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3. Results and discussion

Before the start of each experiment all kerosene soot samples have been carefully dried under
vacuum until by opening or closing the plunger the background signal for water did not

change.

Adsorption
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Figure 3.1-1: Typical temporal profile for the uptake of water on kerosene soot surfaces at 223K, ¢y =

1.8:10"molecules cm™, m(soot) = 15.5 mg.

A typical signal profile for the measurement is shown in Figure 3.1-1. The measurement has
been done at T = 223 K, and gas phase concentration of water co = 1,8-10'* molecules-cm™.
At the beginning of each experiment a constant flow of water vapour is introduced into the
Knudsen cell until receiving a steady MS signal Sy. At time ¢ = 0 s the plunger is opened, the
reactive surface is exposed to the water vapour, and due to the uptake, the signal steeply
decreases to the value S;; followed by an increase and fast complete saturation with
approximately 200s and reaching the initial value (Sy). At time # = 350 s the plunger is closed

and the interaction is stopped.

It is obvious from Figure 3.1-1 that the uptake of water on kerosene soot is strongly time
dependent and it would be interesting to interpret this signal behaviour in terms of

reversibility of the process and effects of surface saturation.

We assume two basic possibilities for the uptake mechanism which can lead to such a signal
shape: reversible and irreversible uptake. The schematic signal profile for these two cases is

represented in Figure 3.1-2. In the reversible case (a) water is taken up with constant time
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independent rate but with advancing exposure time, the desorption rate also increases which

results in a reduced steady state signal and, respectively, reduced net uptake.
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1
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a. Reversible uptake b. Irreversible uptake

Figure 3.1-2: Schematic representation of the temporal profile of the MS-signal. The thickness of the arrows is

proportional to the adsorption (desorption) rate.

The second possibility (Figure 3.1-2, b) for explaining such a temporal profile is the
irreversible case where with advancing exposure time the adsorption rate decreases due to the
occupation of active surface sites whilst no significant desorption can be observed. In each
case, however, the uptake of water should cease after a certain time either because desorption
rate equals adsorption rate (equilibrium) or because of the complete occupation of the active

surface sites for water adsorption.
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Figure 3.1-3: Observed desorption of water from the soot surface, after the end of the experiment, represented in
Figure 3.1-1, and re-opening the sample compartment
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In order to investigate the possible desorption of water from the surface back into the gas
phase, after the end of the experiment the flow of water into the cell has been stopped, and
after reaching the background signal, the plunger has been re-opened (0 s, in Figure 3.1-3).
Desorption of water from the surface has been observed. This finding indicates that the uptake
of water on soot is reversible even at lower temperatures, as the number of desorbed

molecules can be deduced from the integration of the signal (see Chapter 2.1.2.1).

In Figure 3.1-4 the dependence of the number of desorbed H,O molecules (N1°) as a

function of the number of adsorbed H,O molecules ( N2?) is represented. It can be seen that

72% of the water molecules adsorbed are released back into the gas phase and only 28%

remain on the surface even at lower temperatures of 223K.
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Figure 3.1-4: Number of desorbed H,O molecules as a function of the number of the H,O molecules adsorbed

(T=223K)

A determination of the rate constants and uptake coefficients from the MS signals according
to the calculations previously described (Chapter 2.1.2.1) is only valid for a first order uptake
process. Therefore it should be proved if this condition is fulfilled. As already described in
detail in Chapter 2.1.2.1, the order n of the uptake process is obtained from a linear regression
of a double logarithmic plot of the loss rate versus the gas phase concentration. For the

interaction between H,O and kerosene soot, the uptake has been shown to follow a first order
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rate law for the whole temperature interval investigated, as can be seen in Figure 3.1-5, where

it is represented for 223K.
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Figure 3.1-5: Double logarithmic plot of the loss rate of H,O versus the gas phase H,O concentration. The solid
line has a slope of 1 indicating a first order uptake process

Knowing the order of the process, initial rate constants and, respectively, initial uptake

coefficients have been calculated, again using the values for Sy and S;,;, Equation 2.1-11 and
Equation 2.1-12.

The calculated initial uptake coefficients have been found to be strongly dependent on the
sample temperature as it is represented in Figure 3.1-6. No uptake has been observed at 298 K
in contrast to the lower temperatures (T < 243K). As can be seen in Figure 3.1-6 between
243K and 203K the initial uptake coefficient is increasing by nearly one order of magnitude

from y;p; = 7-10™ to Yini = 5-107. This is in agreement with [Alcala-Jornod and Rossi, 2004].

The uptake of water on kerosene soot as a function of sample mass is represented in Figure
3.1-7 for T = 223 K. Each point is a mean value from at least 3 different measurements. It
can be seen that vyi, increases slightly with increasing sample mass, indicating a possible
diffusion of the gas phase molecules into the bulk of the sample at this temperature,

confirmed later from the mass dependence of K, (Figure 3.1-16).
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Figure 3.1-6: Temperature dependence of the initial uptake coefficients of water on kerosene soot.
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Figure 3.1-7: Initial uptake coefficients of H,O on kerosene soot, as a function of the sample mass at 223 K

D,0 measurements:

Having in mind that the uptake coefficient describes the net loss of the gas species on the
surface and the fact that after stopping the experiment we could observe desorption of water
from the surface, we assume that adsorption as well as desorption processes can contribute to
is

the net uptake. In order to distinguish whether the negative temperature dependence of y

ini
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due to an increasing adsorption rate constant or decreasing desorption rate constant, additional

measurements with D,O have been performed.

It is known that isolated —OH groups, which are responsible for water adsorption, are present
on the surface of the sample [Zettlemoyer and Narayan, 1966]. The advantage of using D,O is
that it could undergo a H/D exchange with such acidic surface H-atoms, in order to form
HDO, hence with the behaviour of D,0O as a reactant we can asses the availability of such
active surface sites and their occupation during the experiment. And also from the detection

of HDO as gas phase product we can distinguish both processes of adsorption and desorption.
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Figure 3.1-8: Typical temporal profile for the measurement of D,O vapour on kerosene soot at 243K, (¢ =

1,6:10"> molecules cm™; m(soot) = 30.7 mg)

A typical D>O measurement performed at 243K is shown in Figure 3.1-8. Here the signals for
m/e 20 (D,0) and m/e 19 (HDO) are represented. At time # = 0 min the plunger is lifted and
the sample is exposed to the reactive flow. We observe an immediate initial uptake, followed
by a time dependent uptake for at least 10 min, which results finally into a steady state uptake.

At time ¢ = 21min the plunger is closed and the interaction stopped.

In Figure 3.1-8 the signal for D,0O is represented together with the signal for HDO. As already
discussed above, a HDO signal always accompanies the D,O signal because of the very fast

H/D exchange on the walls of the Knudsen cell. From Figure 3.1-8, however, it is clearly
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visible that HDO forms instantly as a product from the interaction of soot and DO, indicating
that D,O undergoes H/D exchange at the sample surface on groups, containing acidic H-atom.
Such surface groups are also responsible for the adsorption of H,O on the soot surface so that

D,0 and H,O uptake measurements should show the same pattern.

Another proof of the instantaneous formation and release of HDO in the gas phase is the pulse
measurement for the uptake of D,O, represented in Figure 3.1-9. In Chapter 2.1.2.2, the
measuring principle and the main calculations for the pulse measurements have been
explained in detail. Apparently HDO is instantaneously formed and released into the gas
phase due to the reaction. The control pulse for HDO is due to the H/D exchange with the
walls of the reactor, but the reactive pulse of HDO is much higher than the control pulse,

indicating additional HDO production.

‘ Pulse experiment: DO uptake on KS

—~—4—D,0 control pulse
— —2—D,0 reactive pulse

—=—HDO control pulse
+——o— HDO reactive pulse

MS-Signal [mV]

: T :
0.0 0.2 0.4 0.6
Time [s]

Figure 3.1-9: Pulse experiment of D,O on kerosene soot at 297 K — formation of HDO

In contrast to the initial uptake coefficients for H,O on soot, the calculated initial uptake
coefficients for D>O on soot show no mass dependence, as it is represented in Figure 3.1-10
for a temperature of T = 300 K. This indicates once again that in the case for D,O we measure
the actual initial uptake coefficient. This is also confirmed from the value of v;, obtained for
the pulse measurements of D,O, which is in good agreement with the obtained steady state

values (Figure 3.1-11).
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Figure 3.1-10: Initial uptake coefficients for D,O on kerosene soot as a function of the sample mass

Further for comparison the initial uptake coefficients calculated for the D,O measurements
are represented together with the uptake coefficients for H,O on kerosene soot in Figure

3.1-11. Two important conclusions can be made:

» The uptake of D,O is apparently much larger than that of H>O on soot. It results in a
mean value of v;,=(4.7 £ 0.2)-10 which is more than one order of magnitude larger than the

value for the uptake of H,O on soot.
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Figure 3.1-11: Comparison of the initial uptake coefficients for H,O and D,0 on kerosene soot as a function of

the surface temperature
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This fact is due to the formation of HDO and its observed desorption from the surface. Unlike
for the case of H,O, where the net uptake is zero after a few minutes (Figure 3.1-1) and at
223K 72% of the H>O molecules desorbed back into the gas phase (Figure 3.1-4). DO 1is
desorbing from the surface in the form of HDO and consequently the adsorption and
desorption processes could be distinguished. If we take the sum of the adsorbed D,O and
desorbed HDO signals, Figure 3.1-8 would result in a similar uptake behaviour as observed
for H,O (Figure 3.1-1). This is also confirmed by the mass balance of D,O and HDO shown
in Figure 3.1-12. It indicates that at 298K 82% of the D,O molecules taken up are
consequently released back into the gas phase as HDO upon reaching steady state. This value
is slightly higher than the one for H,O at 223K (Figure 3.1-4) in agreement with a slower

desorption rate at lower temperatures.

» Unlike the uptake of H,O, the uptake of D,O is independent of temperature. For the
temperature interval measured, as already shown in Figure 3.1-11, it results in the mean value

of Vi = (4.7£0.2)- 102 which corresponds to the value of k;,; = 3.7 s,

To exclude the fact that the initial uptake coefficients for D,O are also affected by desorption,
some pulse valve D,O experiments on soot have been done at the highest temperature (298K),
where the process of desorption should be most effective. The advantage of the pulse valve
technique is that the process can be followed in a millisecond interval, and we can be sure that
with it we can observe only the initial adsorption process on a fresh sample surface. The value
for the initial uptake at room temperature from the pulsed valve measurements is in a very
good agreement with the value obtained from the steady state experiments as shown in Figure
3.1-11, indicating that the initial uptake coefficients received from the D,O measurements on

soot are not affected by desorption.

These findings about the interaction of D,O with kerosene soot surfaces helped us to make
two major conclusions about the interaction of H,O on kerosene soot:

1. The fact that the initial uptake of D,O on soot has proved to be temperature
independent (the adsorption rate remains constant) indicates that the observed negative
temperature dependence of the uptake of H,O is due to the decreased desorption rate upon

lowering the temperature of the surface.
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ii. The initial uptake coefficients determined for H,O on soot are affected by
desorption and are therefore underestimated. Their more realistic value should be taken from

the D,O measurement results (Yin= (4.740.2)-107, ki =3.7s™).
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Figure 3.1-12: Number of HDO molecules desorbed as a function of the number of adsorbed D,O molecules; T =

298 K

Not only the adsorption but also the desorption process for the interaction of water with soot
can be estimated with respect to its kinetics. For sub-monolayer coverage at equilibrium, the
adsorption <> desorption process can be described with:
Equation 3.1-1: k.. N(gas),, =k, N(ads),,

where k.4 and kg, are the adsorption and desorption rate constants, respectively, N(gas)., 1s
the number of gas phase molecules at equilibrium, and N(ads),, is the number of the adsorbed
molecules at equilibrium. N(gas)., can be determined from the gas phase concentration of
water at saturation (y = 0) and N(ads)., is given from the total amount of water taken up
during the experiment. For the adsorption rate constant 4,4, the temperature independent value

of k;,; =3.7 s'is taken, in accordance with the D,O measurements.

The desorption rate constants calculated with Equation 3.1-1 vary from 1.3 s for the highest
temperature to 9.7-107 s for the lowest temperature. They are represented in the form of
Arrhenius expression in Figure 3.1-13. From a linear regression, an activation energy of 27.5
+ 0.4 kJ mol" has been derived in good agreement with the standard adsorption enthalpy

derived below.
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Figure 3.1-13: Arrhenius representation of the &, of water for kerosene soot

This value is significantly smaller than the enthalpy of evaporation of 44 kJ mol” [Chase,
1985] and indicates that the interaction between water and soot is weaker than that between
H,0 molecules themselves. To our knowledge, there is only one study to which our results
could be compared. In agreement with the results obtained in this work [Alcala-Jornod et al.,
2002] also found relatively low activation energies between 29.3 kJ mol” and 37.7 kJ mol™
for the desorption of water from different types of soot. In addition, in that work desorption
rate constants have been determined which are, however, roughly one order of magnitude
higher than the one derived here. These differences might be due to the use of soot samples
produced from different fuels as well as by different preparation procedures. These samples
will certainly exhibit a different degree of surface oxidation which is known to strongly

influence water adsorption [Chughtai et al., 1999a]. [Chughtai et al., 2002].

3.1.1.2 Thermodynamic approach

In order to determine the thermochemistry of the process, adsorption isotherms based on the
experimental data, have been constructed. In Figure 3.1-14 the total number of molecules
adsorbed is represented as a function of gas phase concentration of water for three different
temperatures. It can be seen that this number is increasing with decreasing temperature and

increasing gas phase concentration, as it is expected for adsorption-desorption mechanism
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with non-activated adsorption. This result is in contrast to the adsorption isotherms measured
by [Popovitcheva et al., 2001] where it was found that the amount of water adsorbed at a
given relative humidity decreased with decreasing temperature. However, this work has been

performed at more than four orders of magnitude higher vapour pressures and at temperatures

above 253 K.
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Figure 3.1-14: Total number of molecules adsorbed as a function of gas phase concentration for the uptake of

water on kerosene soot.

As can be seen from Figure 3.1-14, at 223 K the number of adsorbed molecules is increasing
to the limiting value of 5-10'® molecules-g™. Taking into account the BET surface area of soot
(6.4-10° cm*g") this value corresponds to 8:10~ monolayers of water. This result is in

agreement with the conclusion drawn by [Alcala-Jornod et al., 2002].

To determine the exact reactive surface area available for adsorption, however, is one of the
difficulties of the experiment. But still we can assume two reasonable existing limiting cases,
schematically represented in Figure 3.1-15 where the grey circles stand for water molecules
and with black are represented the soot agglomerates. The upper limit of available surface
area is to take the BET surface of the soot sample (6.4-10° cm®.g™"), because it assumes that
the whole sample is available for adsorption (Figure 3.1-15, b) which is not always the case.

The lower limit of available surface area (Figure 3.1-15, a) is to take for the calculations the
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surface area of the uppermost layer (450 cm?). The latter can be calculated having in mind the

particle size, bulk density and BET surface area of the sample (Table 2.5-2).
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surface area of the uppermost surface area of the sample (BET)
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a Low femperatures b High temperatures

Figure 3.1-15: Limiting cases of available surface area during the measurement. With black are represented the

chain formed soot agglomerates and the grey circles represent water molecules

Both values for available surface area, however, depend very much on possibility for
diffusion of H,O molecules into the bulk of the sample. Diffusion is a temperature dependent
process and its rate is higher at higher temperatures due to the higher thermal motion of the
molecules. Having in mind the relatively wide temperature interval in which our
measurements have been performed, we can assume that the case in Figure 3.1-15 (a) is likely
to happen at low temperatures where diffusion is slower and is restricted only to the
uppermost layer of the sample, and the second case (b) is correct for higher temperatures,
where the diffusion rate is higher and it is more likely that the whole surface area of the

sample is available for adsorption.

Having in mind the reversibility of the uptake of water on kerosene soot (previously
discussed) we can define the adsorption equilibrium constant K¢, which gives us the ratio

between the gas phase and adsorbed water molecules at equilibrium:
_ 11,0}

Equation 3.1-2 K |:cm3:|
quation 3.1- C_[—, —
HQO] cm
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where {H,O} is the surface concentration of water (molecules cm'z) and [H,O] is the gas
phase concentration of water (molecules cm™). K¢ can be transferred into the dimensionless

equilibrium constant Kp via:

—~—

H,0} 4

Equation 3.1-3 K,= ch [H O] =
2

where 4 is the standard surface area of 6.7-10'° cm® mol™ and V is the standard volume of the

gas 2.24-10* cm® mol” [De Boer, 1968]. The advantage of Kp is that it is connected to the

standard enthalpy of adsorption AH", , and the standard entropy of adsorption AS?, :

ads
Equation 3.1-4 —RTInK,=AH), —T-AS},
From Equation 3.1-3 two sets of equilibrium constants Kp can be calculated, based on the two
limiting cases for the available surface area for adsorption (Figure 3.1-15):
1. with surface water concentration, relevant to the surface area of the uppermost layer
(450 cm?2),
ii. with surface water concentration, relevant to the entire BET area of the sample (6.4
cm’ g)
In Figure 3.1-16 these two sets of Kp are represented as a function of sample mass for a given
temperature. It can be seen that the equilibrium constants, calculated according to i., are
increasing with increasing sample mass, indicating diffusion of water into the bulk of the soot
sample. With increasing sample mass the available surface area is increasing and
consequently the surface concentration of water is overestimated by taking only into account

the uppermost layer.

Another indication for diffusion of water into the bulk of the sample comes from the mass
dependence of the D,O measurements on soot. In Figure 3.1-17 the number of molecules
D,0 adsorbed (respectively HDO desorbed) as a function of the sample mass at room
temperature are represented. It can be seen that with increasing sample mass both numbers
increase indicating diffusion. So taking only into account the surface area of the uppermost
layer is not the realistic case for the interaction of water and soot and it would underestimate

to great extent the calculated equilibrium constants.

In contrast, the equilibrium constant calculated according to ii. are independent of sample
mass (Figure 3.1-16). If only a part of the soot sample were accessible, especially at higher

sample masses, the surface concentration would be underestimated and consequently the
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derived equilibrium constants would decrease with increasing sample mass, which is not the

case.
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Figure 3.1-16: Dependence of the two sets of equilibrium constants on the sample mass
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Figure 3.1-17: Mass dependence of the D,0O uptake and HDO production on kerosene soot

The obtained equilibrium constants according to ii. are represented in Figure 3.1-18 as a

function of temperature in the form of a Van’t Hoff expression. A linear regression of the data

yields a standard adsorption enthalpy of AH?, = — 27 + 3 kJ .mol ™. This value agrees with

results from a theoretical study by [Picaud et al., 2004] obtained by low surface coverages,
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which is in good agreement with our findings for submonolayer coverage found above They
have performed molecular dynamic simulations based on quantum chemical results to

characterize the adsorption of water molecules on activated graphite surfaces at 250 K,.

Temperature /K
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Figure 3.1-18: Van’t Hoff representation of the equilibrium constants for the adsorption of water on soot

The study of [Picaud et al., 2004] suggests that at low active-group concentrations on the
surface, these sites act as a strong trap for adsorbing water molecules due to hydrogen
bonding. These hydrogen bonded molecules act further as nucleation centres for other water
molecules forming aggregates tied to the active-site. And for the higher active group
concentrations and higher water coverage, this theoretical study demonstrates that water
adsorption on activated graphite surfaces is dependent not only on the type of sites but also on

their number and their relative position.
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3.1.2 Adsorption of water on mineral dust surfaces

3.1.2.1 Kinetic approach

The adsorption of water on mineral dust has been investigated for a gas phase water
concentrations from 6:10'° to 2:10"* molecules cm™, surface temperature range from 203 to
323 K and sample masses between 130 and 300 mg. The samples have been prepared as

previously described in Chapter 2.5.2.

At the beginning of each experiment a constant flow of water vapour is introduced into the
Knudsen cell until receiving a steady MS-signal Sy (as shown in Figure 3.1-19). At time t =0
min the plunger is opened, the reactive surface is exposed to the water vapour, and due to the
uptake, the signal immediately steeply decreases to the value S;, followed by a constant
increase until reaching a steady state value Sg. At time t = 27min the plunger is closed, the
sample is isolated again and we can observe again an increase of the signal to the initial value

So.
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Figure 3.1-19: Typical signal for the uptake of water on mineral dust at T =265 K

A determination of the rate constants and uptake coefficients from the MS signals according
to the calculations previously described (Chapter 2.1.2.1) is only valid for a first order uptake
process. Therefore it should be tested if this condition is fulfilled. As already described in
detail in Chapter 2.1.2.1, the order n of the uptake process is obtained from a linear regression

of a double logarithmic plot of the loss rate versus the gas phase concentration.
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For the interaction between H,O and mineral dust, the uptake has been shown to follow a first
order rate law for the whole temperature interval investigated (consistent with the
measurements of [Seisel et al., 2004a] for room temperature), as can be seen in Figure 3.1-20,

where it is represented for 265K.
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Figure 3.1-20: Double logarithmic plot of the initial and steady state loss rate of H,O on mineral dust, T = 265 K
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Figure 3.1-21: Initial rate constants as a function of temperature for the uptake of water on mineral dust

With the knowledge of the order of the uptake process, the adsorption rate constant (kggs),
which is given with the initial rate constant (k;,;) of the process, can be determined from the
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signals in absence and presence of sample, Sy and S;,;, respectively. It has been found to be
temperature dependent for the interval measured — decreasing with increasing temperature as
represented in Figure 3.1-21. Each point in Figure 3.1-21 is a mean value of at least five

independent experiments at a given temperature.

In addition to the temperature dependence we have also investigated the dependence of the
initial rate constant on the sample mass. The results are summarized in Figure 3.1-22 where
each point represents a mean value of at least ten independent experiments. This study is
important in order to estimate the possible effect of the available surface area on the rate
coefficient due to the diffusion of the gas phase molecules into the voids between the
individual dust particles (discussed later in detail in Chapter 3.1.2.2). As it can be seen in
Figure 3.1-22, in our case the initial rate constants do not show a significant mass dependence

in the mass range investigated.
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Figure 3.1-22: Initial rate constants k;,; for the uptake of water on mineral dust as a function of the dust sample

mass

Another important aspect is the interpretation of the temporal profile of the signal shown in
Figure 3.1-19 in terms of the reversibility of the process. We have in mind the two basic

possibilities assumed before (Figure 3.1-2) for reversible and irreversible uptake process.

To determine if we have the reversible or the irreversible type of uptake, and to distinguish

between adsorption and desorption processes in the case of water on mineral dust, of great
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importance is also to investigate the interaction of D,O and mineral dust. The considerations

explained before for the case of soot are valid also for the D,O experiments on mineral dust.

In the work of [Seisel et al., 2004a] D,O experiments on mineral dust at room temperature are
represented. Their typical measurement is shown also in Figure 3.1-23, where are represented

the temporal profiles of the signals for m/e 19 (HDO) and m/e 20 (D,0).
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Figure 3.1-23: Uptake of D,O and HDO on mineral dust at room temperature [Seisel et al., 2004a]

In the beginning of each experiment a constant flow of D,O (m/e 20) is introduced into the
cell. As already explained in Chapter 2.5.1 the signal of D,O is always accompanied with this
of HDO (m/e 19) because of the very fast H/D exchange on the walls of the Knudsen cell. At
time ¢ = Os the plunger is opened and it can be observed the immediate decrease of the D,O
signal, which is taken up with a high and non-saturating rate for the timescale of the
experiment. Whereas the initial uptake of HDO is followed by an instantaneous increase of
the signal, which finally exceeds its initial value Sy and indicates that HDO is produced during

the experiment.

The main conclusions from the D,O measurements by [Seisel et al., 2004a], applicable to the
measurements reported in this work, can be summarized with the following three points:
» The constant uptake rate of D,O during the experiments shows that blocking of

reactive surface sites is negligible on the time scale of the experiment;
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» Formation of gas phase HDO during the experiment implies that the uptake of water
is reversible;
» The observed uptake of D,O together with formation of HDO confirms the fact that

surface sites which contain acidic H — atoms are responsible for water adsorption.

For our measurements we assume the following, proposed by [Seisel et al., 2004a], reversible
mechanism of the adsorption of water on mineral dust surfaces:
Equation 3.1-5: (HzO)

+ (S-OH) = (S—-OH:--H,0),,

gas surface
where (H>0)q represents a gas phase water molecule which adsorbs on an active surface site
(S — OH)surfuce and can desorb back into the gas phase, because it stays in equilibrium with its

adsorbed state (S— OH H>0) 4.

In order to investigate, in our case, the possible desorption of water from the mineral dust
surface, after the end of the experiment, the flow into the cell has been stopped, and after
waiting for some minutes until we obtain the background signal in the cell, the plunger has
been reopened. In contrast to the measurements of 298K, where desorption from the surface
has been observed [Seisel et al., 2004a], for temperatures below 265K no desorption of water
has been observed. However, it should be noted that the background of water in the Knudsen
cell can be estimated as 5-10'° molecules cm™ which corresponds to the flow of 3 to 5-10™

molecules s and therefore desorption flows below this value can not be measured.

However such desorption flows can be calculated knowing the reversible mechanism of the
process and using the flow balance given with Equation 2.1-26. Using Equation 2.1-27 we
can obtain the desorption rate constant (kss) as the slope of the line from the graphic
representation: desorption rate (Fgs(?2)) as a function of number of adsorbed molecules
(Naas(t)). Desorption rates have been calculated using Equation 2.1-26 and the number of
adsorbed molecules is obtained from integrating the signal to the desired time ¢# and Equation

2.1-16. This dependence is shown in Figure 3.1-24 for two different surface temperatures.

From Figure 3.1-24 it can be seen that for the lower temperature (T = 223K) the desorption
rate increases linearly with increasing number of adsorbed molecules showing a first order
kinetic throughout the range of coverage. For the higher temperature (T = 265 K), however,

the desorption rate is strongly non-linear.
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Figure 3.1-24: Desorption rate of water on mineral dust as a function of the number of molecules adsorbed for

two different temperatures T = 223K and T = 265K

This means that at these temperatures only for extremely low surface coverage the desorption
rate can be represented with a first order process as expected for monolayer desorption.
Consequently, the desorption rate constant for higher temperatures have been obtained from

the linear extrapolation of the data at low coverage.
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Figure 3.1-25: Arrhenius presentation of the desorption rate constants of water for mineral dust
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The desorption rate constants thus obtained can be plotted in form of an Arrhenius expression
as represented in Figure 3.1-25. From the linear regression of the points we can obtain the
activation energy of desorption E, = 28+2 kJ.mol". However, taking only the three lowest
temperatures into account higher activation energy for desorption (41+5 kJ .mol™) is obtained.

The reason for this assumption will be discussed later.

3.1.2.2 Thermodynamic approach

In order to determine the thermochemistry of the process, adsorption isotherms have been

measured. For calculation of the theoretical total number of adsorbed molecules on the

“ly during the whole timescale of the experiment (for  — c0) at a given

surface  (Nyus
temperature, the temporal profiles of the reactive flow to the surface (Fr=Fy-F(t), shown in
Figure 3.1-19) have been fitted with a double exponential expression (Equation 3.1-6) and
integrated afterwards from time ¢ = 0 (the beginning of the experiment) to time ¢ = oo,

The exponential function fitted is of the type:

t t
Equation 3.1-6 y= Al.eXp[—A—j + A3.exp(—A—)

2 4
Where y is the MS-Signal [mV] and ¢ is the measurement time [s] and A;, 4, A3 A4 are

constants. The integration of this equation yields:

Equation 3.1-7 J.y =4, I exp[—ij dt + A, I exp[—ija’t
0 0 4 0 A

2 4

0 00

Equation 3.1-8 N;‘Z” =4, .(_Az)exp(_Aij

2

4, -(—AQ-exp(—fJ

4

0 0

Equation 3.1-9 N;ZT[ =A-A4,+4,-4,

For each measurement the integration has been done numerically with the software Origin®
(Figure 3.1-26). First the obtained signal (Figure 3.1-26 a/) is normalized in a suitable form
for fitting (Figure 3.1-26 b/). The grey curve is the obtained fit with exact values for the
coefficients 4;, Ay, Az and A..
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3. Results and discussion

The total number of adsorbed molecules, calculated using Equation 3.1-9, can be plotted as a
function of the total gas phase concentration of water to obtain the adsorption isotherms. In

Figure 3.1-27 this dependence is shown for five different temperatures.
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Figure 3.1-26: Numerical fit with Origin in order to obtain N4 ora1: @/ measured signal; b/ normalized signal. The

grey curve is the obtained numerical fit
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Figure 3.1-27: Adsorption isotherms for the uptake of water on mineral dust for five different temperatures

Here, as expected, the total number of adsorbed molecules per gram of the sample increases

with increasing gas phase concentration and decreasing temperature.
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From Figure 3.1-27 it can be seen that for the lowest temperature (223 K) the number of
adsorbed molecules is estimated to be up to 1.3-10°° molecules, corresponding to 8-10%°
molecules g of mineral dust. If we assume that our reactive surface area equals the BET
surface area of the dust of 5-10° cm® g”' and knowing the size of an adsorbed water molecule
of 1-10"°cm? [Newman, 1983], we can calculate that the surface coverage correspond to 0.6

monolayer.

As already discussed in the case of soot, to determine the exact reactive surface area available
for adsorption is one of the difficulties of the experiment. For the case of mineral dust we also
assume the two limiting cases, represented in Figure 3.1-15:

1) with surface water concentration, relevant to the surface area of the uppermost layer

i1) with surface water concentration, relevant to the entire BET area of the sample

If we take into consideration the surface area of the uppermost layer (3.3-10° cm?), then the
1.3-10* molecules correspond to a coverage of roughly 40 formal monolayers. This argument
clearly indicates that more than one formal monolayer is effectively adsorbed on the mineral

dust surface.

For the two limiting cases the two sets of equilibrium constants K, have been calculated and
plotted in Figure 3.1-28 as a function of temperature. As expected Kp increases with
decreasing temperature, for both cases. A linear fit of the data for each case (solid lines in
Figure 3.1-28) yields slopes and hence unrealistic standard enthalpies of adsorption of around

-12 kJ mol ™",

We tried to explain these findings assuming that the surface area for adsorption changes
(respectively the equilibrium constant Kp changes) due to the diffusion of water molecules
into the bulk of the mineral dust sample, although no significant mass dependence for the
uptake kinetics has been observed, and this change is a function of temperature. For higher
temperatures the process of diffusion is faster. Therefore the available surface area is largest
and in the limit of complete diffusion can be equated to the BET area of the sample. On the
opposite, for low temperatures the diffusion is much slower and is restricted to the uppermost
layer of the sample. As a consequence, we assume that there is a switch in surface coverage
between the two extreme temperatures and the corresponding equilibrium constants. Having

in mind the data points for the extreme temperatures (223 K, 233 K, 298K and 323K) we
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obtain a standard enthalpy of adsorption AH’, of around -45 kJ mol™' (broken line in Figure

3.1-28) which is close to the condensation enthalpy of water [Chase et al., 1985] and also in
agreement with results of Cantrell [Cantrell and Ewing, 2001].
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Figure 3.1-28: Two sets of equilibrium constants (Kp ) for the adsorption of water on mineral dust as a function
of the surface temperature. The broken line yields an adsorption enthalpy of -45 = 2kJ.mol™

The low activation energy for desorption (obtained from the Arrhenius plot, Figure 3.1-25,
solid line), is also assumed to be affected by the temperature dependence of the diffusion into
the bulk in the same way like the equilibrium constants. At higher temperatures, especially,
the desorption rate constants obtained are underestimated and consequently the activation
energy obtained is overestimated. According to our assumption the values for the desorption
constants (not affected from diffusion) are the values for the lowest three temperatures (243K,
233K and 223K). From the linear regression of these low temperature values (broken line in
Figure 3.1-25) more realistic activation energy of desorption of 41+5 kJ.mol" is obtained,

closed to the value estimated above for the standard enthalpy of adsorption.

3.1.3 ESEM measurements

ESEM has been used as an additional tool for investigating the behaviour of mineral dust and
kerosene soot samples towards water under environmental conditions (RH up to 100%), in
contrast to the Knudsen cell where the RH is far below 1%. The measurements have been
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performed using the cooling unit of the microscope. It is a special Peltier stage with which the
sample can be cooled to -4°C. For our purposes we have cooled it always to 2°C and with

verifying the water vapour pressure inside the microscope we could obtain different RH up to
100%.

Figure 3.1-29: ESEM pictures of mineral dust samples for different relative humidities: a/ 85%; b/ 100% after
180s; ¢/ 100% after 360 s; d/ 96%

In Figure 3.1-29 the measurement for mineral dust [Czarnetzki, 2005] is represented. We have
started the measurement at 55% RH and gradually increased it up to 100% with a rate about
15% RH for 30s. In Figure 3.1-29 a/ is represented a picture for 85% RH where, although
different in shape and size, the single particles of the mineral dust sample can be very well
distinguished. With further increase of RH, we could observe water uptake only for 100% RH

and after a certain time (180 s), as it is represented in Figure 3.1-29 b/, where can be clearly
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seen that some of the mineral dust particles have lost their morphology due to the water
uptake. After 360 s at 100% RH (Figure 3.1-29 ¢/) the whole sample is completely covered
with water. With further decrease of RH back to 95% (Figure 3.1-29 d/) it is visible that even
a small change in RH (5%) is enough to observe the desorption of water, and the renewed

formation of the particles with the similar contours like before the uptake experiment.
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Figure 3.1-30: ESEM pictures of kerosene soot (Spot 1) at different RH: a/ 40 %, b/100% for 12 min, ¢/ 40%

The investigation of kerosene soot at different RH is represented in Figure 3.1-30 for 40% RH
(a/), sharp increase to 100% RH for 12 min (b/) and again sharp decrease to 40% (c/). The
pictures have been taken at very high magnification (50000 times) so that the separate
agglomerates can be very well distinguished, but no visible change of the surface with
changing RH could be observed. In order to obtain some more information, we have

decreased the magnification from 50000 times to 7000 times and looked at a spot near to the
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one shown in Figure 3.1-30. The ESEM pictures for this second spot are represented in Figure
3.1-31.
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Figure 3.1-31: ESEM picture of kerosene soot (Spot 2) at different RH: a/ 100% for 23 min; b/ 100 % for 30
min; ¢/ 40 %

It can be clearly seen that after 23 min at RH 100% (Figure 3.1-31 a/) the separate
agglomerates can not be so well distinguished like in Figure 3.1-30 a/, due to the water
uptake. With advancing time this effect is enhanced and after 30 min at RH 100% (Figure
3.1-31 b/) the fine structure of the sample is smoothed, which we interpret with the formation
of water film on the surface. However, in the case of kerosene soot we do not observe an
extreme lost of the particles morphology like in the case of mineral dust (Figure 3.1-29.c/).

After sharp decrease of RH back to 40% (Figure 3.1-31 c/) the water has desorbed from the

surface and the contours of the separate agglomerates can be again clearly distinguished.
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Figure 3.1-32: ESEM pictures of ethene soot samples for different RH: a/ 40%; b/ 100% for 17 min; ¢/ 100% for
40 min; d/ 40%

In Figure 3.1-32 is represented the behaviour of ethylene soot at different RH. We have
started the measurement at 40% RH (Figure 3.1-32 a/) where for 8000 times magnification
can be distinguished the fine structure of the sample surface. Than we sharply increased RH
directly to 100% but even after 17 minutes we could not observe a change in the sample
surface (Figure 3.1-32 b/). However, after 40 minutes at RH 100%, water droplets on the
surface of the sample are clearly formed (Figure 3.1-32 c¢/) which disappear, leaving the
surface of the sample unchanged, after the renewed drop of RH back to 40% (Figure 3.1-32
d/).
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3.1.4 Discussion

In order to assess the hydrophilicity of the soot and mineral dust particles, their behaviour
towards water has been investigated at temperatures between 298 K and 203 K. In both cases
the amount of water adsorbed is increasing with decreasing temperature with initial

adsorption rate constants of 5 s and 3.7 s™ on mineral dust and kerosene soot respectively.

However, significant differences in the derived desorption rate constants and surface
coverages have been observed. Whereas on a soot surface approximately only 5-10'
molecules g are adsorbed, leading to sub-monolayer coverage, multilayer coverage has been
observed for mineral dust. Although the desorption rate constants determined for water from
soot as well as from mineral dust have to be regarded as lower limits, the difference of three
orders of magnitude indicates that water is much stronger bonded on mineral dust than on
soot. This conclusion is further reflected by the estimated adsorption enthalpies of - 45 kJ

mol™ and - 27 kJ mol™ for water on mineral dust and soot, respectively.

As pointed out in the introduction, the term hydrophilicity of a surface on a macroscopic scale
refers to its contact angle with a water droplet. With the assumption that the contact angle
between a surface completely covered with water and a water droplet is zero, hydrophilicity
on a microscopic scale may be defined by the adsorption rate with which a complete water
monolayer is formed. Consequently, a particle surface may be regarded as hydrophilic if the
density of surface sites for water adsorption is high and a complete monolayer is readily
formed. In this context our results suggest that mineral dust may be regarded as hydrophilic
and soot as hydrophobic. Although this conclusion is also expected intuitively, it clearly
demonstrates that adsorption and desorption rates can be used to assess the hydrophilicity of

such particles.

This conclusion about the hydrophilicity of the two types of surfaces is also supported
qualitatively from the ESEM measurements performed. As already shown, mineral dust
particles readily adsorb water at RH 100% and after 3 min, the smaller particles loose their
morphology due to the uptake, and after 6 min the whole sample is covered with water. In the
case of kerosene soot, on the other hand, we could not observe a sharp change in the sample
structure. Even after 20 minutes at RH 100% the shapes of the separate agglomerates can be
very well distinguished, after 30 min at RH 100% we can observe the formation of a water
film, which disappears with decrease of RH back to 40%. And in the case of ethylene soot, we
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could not observe water uptake and after 40 min at RH 100% the formation of water droplets
on the surface could be clearly observed, indicating that this surface is hydrophobic, in good

agreement with our Knudsen cell observations.

The experiments with the Knudsen cell presented here have been performed at relative
humidities far below 1%, whereas in the atmospheric environment the particles will act as
potential cloud/ice condensation nuclei (CCN/IN) at relative humidities above 100%.
Nevertheless, some conclusion concerning the atmospheric implications can be drawn. As
suggested above, the hydrophilicity of a particle may be defined on a microscopic scale by the
rate of reaching a monolayer coverage. Once a particle is completely covered by a water layer
it may be regarded as hydrophilic in the sense that the contact angle between that surface and
a water droplet becomes zero. Consequently, the activation of an insoluble particle for water
condensation then only depends on the particle size which has to be large enough to overcome
the Kelvin barrier at a given relative humidity. By comparing the results obtained for water
adsorption on soot and on mineral dust one may conclude that:
(1) A mineral dust particle will reach a monolayer coverage much faster than a soot
particle and therefore will be activated faster at a given RH.
(i)  In case the particles are exposed to relatively dry air, water will desorb from a
mineral dust particle much slower than from a soot particle and hence the mineral

dust particle will readily be activated again if the RH rises.

The importance of our results to the ability of soot and mineral dust particles to act as ice
nuclei (IN) is more difficult to assess, since heterogeneous ice nucleation proceeds via
different modes which have different dependences on the hydrophilicity of the particle
[Pruppacher and Klett, 1980]. In the deposition mode a surface which exhibits only few
hydrophilic sites surrounded by an hydrophobic environment is thought to be the most
effective type of nuclei. In contrast, nucleation processes which occur via the immersion or
contact mode seem to be more effective with hydrophilic particles. With respect to these
arguments our results suggest that ice nucleation on soot and mineral dust particles should
proceed via different nucleation modes. Consequently the results of this study on the
adsorption of water on mineral dust and soot can help to interpret recent field observations
[DeMott et al., 2003b], [Hung et al., 2003] and nucleation experiments [Project PAZI,

Cologne 2003] with respect to the nucleation mechanism occurring.
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3.2 Reactions of SO, and NO, with soot surfaces

3.2.1 Reactions of SO, with soot surfaces

SO, is an important gas phase species in the atmosphere because it can be a precursor for the
formation of sulphuric acid which in turn contributes to acid precipitation and atmospheric
particulates. Therefore is important to understand the ways for the oxidation of SO; in the
atmosphere. For the free troposphere there are two well studied possibilities of SO, oxidation:
via gas phase and aqueous mechanisms described in detail in Chapter 1.1.1.2. However,
recent measurements of exhaust gas plumes particulates of aircrafts indicate that these two
known mechanisms are not rapid enough to explain sulphuric acid aerosol formation in
combustion exhaust [Fahey et al., 1995], [Toon and Miake-Lye, 1998]. One possible
explanation for these facts is that ions formed during combustion [Yu and Turco, 1997] or
ions from ambient air [Arnold et al., 1998] may be involved and enhance the particle

formation.

What is more important from our point of view, and one reason for investigating the
interaction of SO, with soot particles is, that soot particles may catalyze the oxidation of SO,
to sulphuric acid, resulting in much higher conversion rates that the gas phase oxidation of
SO, [Schumann et al., 1996], [Fahey et al., 1995], [Novakov, 1982]. If SO, is oxidized to
H,SO4 on soot, then the sulphuric acid can nucleate the formation of water droplets that may

lead to visible aircraft contrails [Gleitsmann and Zellner, 1999].

For the investigation of the interaction of soot samples with SO,, we used both kerosene and
ethylene soot. The samples have been gathered directly from the flame of the burner on a
quartz plate and mounted in the sample compartment of the Knudsen cell. Before each
experiment the sample has been dried under vacuum at 300K for at least 10 hours. The
measurements have been performed with gas phase concentrations of SO, from 310" up to
8-10'2 molecules cm™, sample masses from 2.4 to 14.6 mg and in the temperature interval 180
K < T <550 K. Both types of soot have shown a significant discrepancy in their behaviour

towards SO, which is discussed further.

Kerosene soot has shown no reactivity towards SO, under our experimental conditions, for

the whole temperature interval, as can be seen from Figure 3.2-1, where a measurement for
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330 K is represented. Mass spectrometrically the signals for m/e 64 (SO;), m/e 98 (H2SOy)
and m/e 82 (H,SO;) have been followed.
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Figure 3.2-1: Typical temporal profile of the MS signals for the interaction of SO, with kerosene soot

At the beginning of the experiment a constant flow of SO, is introduced into the Knudsen
cell, resulting in a steady signal (empty circles in Figure 3.2-1). At time ¢ = 0 s the plunger has
been lifted and the sample exposed to the reactive gas. As can be seen, no change of the
signals for SO,, as well as for the eventual products, could be observed, indicating that
kerosene soot is not reactive towards SO, under our experimental conditions. An upper
limiting value for the initial uptake coefficient of y < 2:10™ has been assigned due to the

detection limit of the Knudsen cell.

Ethylene soot has shown a reactivity towards SO, only below 225 K. Therefore for the
temperatures higher than 225 K we have also assigned the limiting value of y < 2:10™. In
Figure 3.2-2 an uptake experiment at the lowest temperature (180 K) with its typical signal
profile is represented where with the mass spectrometer m/e 64 for SO, has been followed. At
the beginning of the experiment a constant flow of SO, is introduced into the Knudsen cell
corresponding to a steady state signal. After lifting the plunger at time # = 0 s and exposing
the fresh sample surface to the reactive gas, we were able to observe uptake but also very fast
saturation of the sample surface and for about 50 s the signal rises up to its initial value. After
stopping the flow of SO, into the cell, and re-opening the plunger (¢ = 340 s) we were able to

observe SO, desorbing from the surface back into the gas phase with the number of desorbed
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SO, molecules with respect to the SO, adsorbed, of 50% for the lowest temperature. No gas

phase products due to the interaction have been observed either.
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Figure 3.2-2: Temporal signal profile for the interaction of SO, and ethylene soot

The initial uptake coefficients calculated are summarised in Figure 3.2-3. Here the values for

steady state (open circles) and pulsed (filled circles) measurements are represented.
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Figure 3.2-3: Initial uptake coefficients for the interaction of SO, with ethylene soot as a function of the sample
temperature

A negative temperature dependence of yi,i can be observed for both steady state and pulsed

values, indicating the fast establishment of the adsorption/desorption equilibrium. With
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decreasing temperature desorption is slower which leads to an increase of the uptake

coefficient.

Our findings for the reversible nature of the uptake of SO, on soot and the calculated values
for the uptake coefficients are in good agreement with literature. [Rogaski et al., 1997]
performed the reaction with SO, with black carbon (Degussa FW-2, virtually pure carbon) at
room temperature and partial pressure of SO, from 6:10* to 1-10? mbar in a Knudsen cell
reactor. They obtained initial uptake coefficients for SO, adsorption of 3:107 in good
agreement with our values. [Kohler et al., 1999] investigated the reaction of SO, and n-
hexane soot in the temperature interval 143 to 233 K with transmission FTIR spectroscopy.
They also found a very rapid reversible SO, initial adsorption on soot with initial uptake
coefficients of 2:107, comparable to our values. Similar to our results, they also found that the
amount of SO, rapidly adsorbing on soot increases with decreasing temperature and

increasing partial pressure of SO,.

We can summarize that in the case of the interaction of ethylene soot and SO, we observed a
reversible uptake mechanism (Equation 3.2-1 and Figure 3.2-2), with the number of desorbed

molecules increasing up to 50% with decreasing temperature:

Equation 3.2-1: SO,(g)+ {SOOt} =2 S0, (ads)

Because of the fact that no gas phase products could be observed from the interaction, and
also because of the very fast saturation of the sample surface (for about 50s even at the lowest
temperature, Figure 3.2-2), we considered this interaction not to be interesting from
atmospheric point of view and concentrated further our efforts on the investigation of the

interaction of NO, with soot surfaces, presented in the following sections.

3.2.2 Reactions of NO, with soot surfaces

Among all nitrogen containing compounds, NOy plays probably the most important role in
both polluted and unpolluted areas, because of their contribution to the distribution of the OH
radical, which is responsible for the initiation of most of the daytime chemistry of the
troposphere [Hernandez, 1996]. The idea is that possible heterogeneous reactions on soot
surfaces, abandunt in the atmosphere, could influence the NO/NO, balance in NOy and

indirectly impact on the ozone formation, or could lead to some important products like
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HONO [Lelievre et al., 2004], [Stadler and Rossi, 2000] which could also have an impact on

ozone formation at sunrise.

On the other hand the investigation of the interaction between soot particles and NO, at high
temperatures is of great importance for soot particulate filters. This reaction is used for
regenerating the filter from the gathered particulate matter which is oxidized via NO; to NO
and CO,, and the advantage is that this happens at relatively low temperatures of about 250°C,
compared to the oxidation with oxygen, for which much higher temperatures above 500°C are

needed [Jacquot et al., 2002], [Kandylas et al, 2002].

The reaction of NO, with soot has also been performed with the two types of soot samples —
kerosene and ethylene soot — in the Knudsen cell. The samples have been gathered directly
from the flame of the burner on a quartz plate and mounted in the sample compartment of the
Knudsen cell. Before each experiment the sample has been dried under vacuum at 300K for at
least 10 hours and then preheated to 573 K for 60 min. The reaction was performed with gas
phase concentrations of NO, from 2:10"" up to 2-10'* molecules cm™, sample masses from 7.2
to 16.8 mg and in the temperature interval 300 K < T < 670 K. After the end of the
experiment the samples have been diluted in slightly alkaline water and put for 30 minutes in
an ultrasound bath, before further ion chromatographic analysis. Kerosene and ethylene soot
have also shown discrepancies in their behaviour towards NO, which is discussed further in

detail.

Kerosene soot has shown also no reactivity towards NO,, in the temperature interval
measured, as can be seen from Figure 3.2-4, where is represented a measurement for room
temperature. The MS signals for m/e 46 (NO,), m/e 30 (fragmentation of NO,, or
fragmentation of HONO in the mass spectrometer) and m/e 47 (HONO) have been followed.

At the beginning of the experiment a constant flow of NO, is introduced into the Knudsen
cell, resulting in a steady signal (empty circles in Figure 3.2-4). At time 7 = 0 s the plunger has
been lifted and the sample exposed to the reactive gas. As can be seen, no change of the
signals for all three masses could be observed, indicating that kerosene soot is not reactive
towards NO, under our experimental conditions and the limiting value of y < 2:10™ for the

uptake coefficient can be assigned.
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Figure 3.2-4: Typical temporal profile of the signal for experiment of NO, and kerosene soot. No interaction can

be observed.

In contrast ethylene soot has shown reactivity towards NO, for the whole temperature interval

measured. Therefore further in detail the results from this interaction are presented:

3.2.2.1 Sample pre-treatment

As already mentioned the sample has been heated under vacuum to 573K for at least 30 min,
up to 1 hour, before the beginning of each measurement. This preheating procedure was
applied in order to remove eventually adsorbed contaminants, or water on the surface of the
sample, and to be assured to have a reproducible sample surface and identical measurement

conditions at the beginning of each experiment.

However, this heating procedure has also an influence on the structure and reactivity of the
soot surface. It is known that the reactivity and structure of soot depends on fuel type and
burning conditions [Chughtai et al., 2002], but generally soot has predominantly aromatic
layered structure with oxygen-containing surface groups such as aldehydes, ketones,
carboxylic groups, lactones etc. [Akhter et al., 1985a, 1985b], [Smith and Chughtai, 1995],
[Muckenhuber and Grothe, 2006], which are the reactive surface sites for the interaction with
NO,, as proven from formation of surface nitrate and nitrite species, [Al-Abadleh and

Grassian, 2000], [Jeguirim et al., 2004]
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It is also known that these oxygen containing groups have different thermal stabilities and,
upon heating, can decompose and release CO, or CO, or both, depending on temperature.
[Muckenhuber and Grothe, 2006]. Summarised the decomposition temperature (obtained
from TPD-MS measurements) of the most common O-containing groups on the soot surface
is represented in Figure 3.2-5 [Figueiredo et al., 1999]. It can be seen that with decreasing
acidity of the groups their thermal stability increases and they can be decomposed,

respectively, at higher temperatures.

decomposition temperature
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Figure 3.2-5: Thermal decomposition of oxygen-containing groups on the soot surface [Muckenhuber and

Grothe, 2006]

Having in mind these findings, during the preheating procedure we have followed the signals
for m/e 44 (CO,), m/e 28 (CO) and m/e 18 (H,O). In Figure 3.2-6 a typical preheating
experiment is represented. It can be clearly seen that during the preheating CO, and H,O have
been released into the gas phase. Our preheating temperature is only 573 K and this means
that the oxygen containing groups such as carboxylic acid, lactone or eventually carboxylic

anhydride (Figure 3.2-5) decompose at our conditions.

It is also known that in these O-containig groups, the carbon atom has different oxidation
numbers. For example in the carboxylic group, carboxylic anhydride or in the lactone group
the oxidation number of carbon is +II1, in the carbonyl group - +I1, in phenol - +I. According
to the thermal stability of the groups (Figure 3.2-5) we can say that those with oxidation

number of +III are most unstable, they decompose at lower temperatures than the groups with
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C-oxidation number of +II or +1, and that due to our preheating procedure such groups are not

present at the surface of the sample before the experiment with NO,.
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Figure 3.2-6: Preheating of a soot sample up to 570 K

Consequently, we assume that on the surface of the sample basically two types of active sites
are present:

o {Cy} —oxidised surface sites with oxidation number of the C-atom of +III

e {Cq} —reduced surface sites with oxidation number of the C-atom less than +III,
Due to the heating procedure we should have present only {C.q4} surface sites before the

beginning of the experiment.

3.2.2.2 General calculations

A typical raw measurement for T = 300 K, gas phase concentration of NO, Cy= 4.89-10"
molecules cm™ and soot sample mass m, = 6.7 mg, is shown in Figure 3.2-7. Four different
masses have been recorded with the mass spectrometer during this measurement:

e m/e 46 — for NO,, as a reactive species,

e m/e 44 — for CO; as an eventual gas phase product of the reaction,

o m/e 47— for HONO as an eventual gas phase product of the reaction,

e m/e 30 — for NO as an eventual gas phase product of the reaction, or for a

fragmentation of NO; in the mass spectrometer, or for a fragmentation of

HONO in the mass spectrometer.
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Figure 3.2-7: Typical temporal signal profile for the reaction between NO, and ethylene soot at 300K. The trace
for m/e 47 (HONO) has been magnified ten times for clarity
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Figure 3.2-8: Typical temporal signal profile for the reaction between NO, and ethylene soot at 570K. The trace
for m/e 47 (HONO) has been magnified ten times and the trace for m/e 44 (CO,;) has been reduced ten times for
clarity

At the beginning of each experiment a constant flow of NO,, corresponding to a steady signal
Sy, 1s introduced into the Knudsen cell, while the sample surface is isolated (plunger down).
At time ¢ = 0 min the plunger is lifted and the fresh sample surface is exposed to the reactive

gas species which results in an immediate decrease of the signal for m/e 46 to the value S;,;,
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followed by a constant increase, indicating the constant saturation of the soot surface, and
after about 10 min the uptake is reduced to only around 10% of its initial value. The reaction
has been followed for about 20 min, after which the sample has been isolated again, the

reaction stopped and the signal has taken its initial value — Sj.

The behaviour of the NO, uptake on soot for the higher temperatures is totally different. In
Figure 3.2-8 is represented a measurement for 570 K. The reaction conditions were similar to
those for 300 K (gas phase concentration of NO, Cy = 5.4-10'"" molecules cm™ and soot
sample mass m; = 5.9 mg) and the same four masses have been followed with the mass

spectrometer during the measurement.

Here also a constant flow of NO; is introduced into the cell and at time 0 min the plunger is
lifted and the sample exposed to the reactive gas. At time # = 53 min plunger is closed and the

reaction is stopped.

The major differences between 300 K and 570 K measurements can be summarized as
follows:

- Evident by the measurement at 570 K is the different behaviour of m/e 46, during
the reaction. Here about 10 min after opening the plunger, a steady state is reached and the
signal remains constant with time even up to 53 min. In comparison to the measurement at
300K the reaction has been followed only for 20 min and after approximately 10 min
exposure we could observe fast complete saturation.

- at 570 K we could observe formation of gas phase CO,, indicated from the rise of
the signal for m/e 44 which was not the case for the lower temperature.

- at 570 K the signal for m/e 30 has also completely different behaviour after the
start of the reaction, which is not the case for 300 K

- From the comparison of the signals for m/e 47 can be estimated that much less

HONO is produced at 570 K compared to 300 K.
As already stated before for the interaction of water and mineral dust (soot), the reaction order

should be first investigated, in order to be able to implement for further calculations the

theory already described in Chapter 2.1.2.
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Figure 3.2-9: Reaction order for the interaction of NO, and ethylene soot

As it can be seen in Figure 3.2-9, representing the double logarithmic plot of loss rate of NO;
as a function of gas phase NO, concentration, the initial uptake has proved to follow a first

order process given from the slope of the fitted line.
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Figure 3.2-10: Initial and steady state uptake as a function of temperature for the reaction of NO, and ethylene
soot

For the calculation of the uptake coefficients (initial — for the whole temperature interval
measured, and steady state — for highest temperatures only) we have used again Equation
2.1-11 and Equation 2.1-12. The calculated initial uptake coefficients have proved to be
independent of temperature as can be seen in Figure 3.2-10, resulting in a mean value of y;,; =

(5.9 £ 1)°107 for the temperature interval measured. On the other hand the steady state uptake
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coefficients, calculated for temperatures 470K and above, increase slightly with increasing
temperature. Their value is, however, around 3 times lower compared to the value for the

initial uptake coefficient.

The initial uptake coefficient has shown also no significant mass dependence, as represented
in Figure 3.2-11. For the interval of sample masses measured this means that diffusion of the
gas phase molecules into the bulk of the sample can not be observed at our experimental

conditions.
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Figure 3.2-11: Initial uptake coefficients for NO, on ethylene soot as a function of the sample mass

3.2.2.3 Signal evaluation and product study

As it can be seen from Figure 3.2-7 and Figure 3.2-8 at room temperature no formation of
CO; is observed, in contrast to 570 K where CO; is clearly produced during the reaction.
HONO was observed as a gas phase product, indicated from the rise of its signal (m/e 47) at
both temperatures. But for 300 K the amount of HONO produced is much more than at 570

K, indicated from the area under the peak of the signal during the reaction.

It is clear that the evaluation for the signal at m/e 30 is of a great importance in order to asses
if NO is formed as a gas phase product due to the reaction between soot and NO,, or the

signal at m/e 30 represents only fragmentations from NO, and HONO.
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In Figure 3.2-12 are represented the main mass peaks for the three gas phase substances (NO,,
NO and HONO) in our system, and the ratio between them, as we have measured it with our

QMS. It can be seen very clearly that they all (NO,, NO and HONO) contribute to m/e 30.
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Figure 3.2-12: Mass spectra of NO,, NO and HONO and their relative peak intensities
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Figure 3.2-13: Evaluation procedure for m/e 30 for the measurement at room temperature in Figure 3.2-7
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An example for the procedure we have used for evaluation of m/e 30 is given for the
measurement at 300K shown in Figure 3.2-7: As it can be seen, before the reaction (for times
from -3 to 0 min) the signal for m/e 46 is accompanied always with a signal for m/e 30, due to
the fragmentation of NO; in the mass spectrometer and the ratio between these two signals
can be calculated before the start of the reaction for each measurement at each temperature.
Having in mind this ratio before the reaction, the signal for m/e 30 coming as a fragmentation

from NO,, during the reaction (0 to 20 min) can be theoretically calculated.

From the experiment shown in Figure 3.2-7, the calculated signal of m/e 30, coming from
NO,, is given with the open triangles in Figure 3.2-13 a/. Further this theoretical signal can be
subtracted from the signal for m/e 30, recorded during the measurement (Figure 3.2-13 a/,
open squares). The result (Figure 3.2-13 b/, open diamonds) represents m/e 30, corrected for
NOa, but still not corrected for HONO. In order to estimate the fragmentation of m/e 30 and
m/e 47 in HONO, it has been calibrated separately. The procedure has already been described
in detail in Chapter 2.5.4. Knowing the ratio of m/e 30 to m/e 47 in HONO, the signal for m/e
30, coming from HONO could also be calculated (Figure 3.2-13 b/, open circles), and
subtracting it from the corrected already for NO, signal for m/e 30 (Figure 3.2-13 b/, open
diamonds), the signal for m/e 30, coming only from the formation of NO due to the reaction,

could be calculated. It is represented in Figure 3.2-13 c¢/.
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Figure 3.2-14: Yields in % of NO, HONO and CO, as a function of the sample temperature for the interaction of
NO, with ethylene soot
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A summary of the product study is represented in Figure 3.2-14 in the form of yields in %,
with respect to NO, taken up, as a function of temperature. It can be seen the strong
temperature dependence of the NO (squares) and HONO yields (triangles). With increasing
temperature the NO yield constantly increases, while the HONO yield decreases above 370K
with temperature. The formation of CO, as a gas phase product can be observed above 470K
(circles), and its yield increases with increasing surface temperature, and for the highest

temperature it is around unity.

The HONO yields obtained here are relative low, but for the room temperature measurements
they are in agreement with literature [Salgado and Rossi, 2002], [Lelievre et al., 2004], [Al-
Abadleh and Grassian, 2002]. In good agreement with literature is also the increase of the
HONO yield with temperature up to 370 K [Lelievre et al., 2004], [Longfellow et al., 1999].
For the higher temperature measurements no literature data have been found to which we

could compare our results.

3.2.2.4 Ton chromatography (IC) results

In Figure 3.2-14 the yields of the products detected only in the gas phase with mass
spectrometry are shown. After the end of the experiment in the Knudsen cell, however, the
samples have been analysed ion chromatographically, in order to estimate the N-contents of
the sample (in the form of nitrate and nitrite) after the reaction with NO,. For the purpose,
before each measurement the sample was diluted in 5 ml slightly alkaline deionised water and

then homogenised 30 min up to 1 hour in an ultrasound bath.

In order to estimate the N-content of the sample before reaction with NO,, we have performed
several IC measurements with not reacted samples. Unfortunately we were able to detect in
these reference samples large quantities of nitrite and nitrate, 2.7-10" ¢! and 1.3-10" g
respectively. This is probably due to way of production of the soot samples in the capillary

burner, where ethylene is burned in synthetic air, containing of 80 % N, and 20 % O..

The values of the found nitrate and nitrite species in the reference samples were too high in
order to be able to accurately estimate the quantities of N-containing species formed and

remaining on the surface due to the reaction with NO,.
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3.2.2.5 Mechanistic interpretation of the reactions

In this Chapter the results are summarised in terms of the mechanistic interpretation of the

reaction. We propose the following mechanism, based on our findings:

The first step is the irreversible adsorption of NO, on the soot surface given by the process:

Equation 322 NO,;, + {C. i} = {NO,,4 -C,s} = {C-ONO} ; {C-NO,}

2(9)
where {} represent surface species, (ads) — adsorbed species, (g) — gas phase species and {C-
ONO}, {C-NO,} — N containing surface species formed. After the preheating procedure,
performed before each experiment, we assume that we have only active oxygen-containing
surface sites with oxidation number of +II or +I of the carbon atom, which we have indicated
as reduced surface sites {C..q}. NO; is adsorbed irreversibly on such sites because for all the
temperatures measured no desorption of NO, from the sample surface could be observed,
after the end of the experiment and re-opening the plunger. The formation of N — containing
surface groups have been observed via DRIFTS [Al-Abdaleh and Grassian, 2000], [Kirchner
et al., 2000]. This first step we can characterise very well with the initial values of the uptake
coefficient. y;,; represents the adsorption rate constant of the process on a fresh sample

surface, immediately after opening the plunger.

As a next step we assume that the adsorbed NO, species reacts further on the soot surface.

There are two competitive possibilities depending on temperature:

1. For the lower temperatures ( < 470K), we assume that the adsorbed NO,, in the form
of the N containing surface species {C-ONO} and {C-NO,}, can be converted to HONO
(detected in the gas phase), due to a surface reaction:

Equation 3.2-3 {C -ONO} ; {C - NOZ} = HONO,, + {C 'red}

One modified reduced surface site is released {C’.q}, Which is not reactive further to NO,,
because for T < 470K we observe fast saturation of the sample surface (Figure 3.2-7), and the
uptake of NO; is irreversible and ceases with the consumption of all reactive {Cq} on the
sample surface. We have represented this step as an equilibrium process because there are

some literature data about the interaction of HONO and soot leading to NO/NO, formation

[Alcala-Jornod, 2000], [Stadler and Rossi 2000].
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ii. For the higher temperatures ( > 470K) we assume that the adsorbed NO,, in the
form of the N containing surface species {C-ONO} and {C-NO;}, can undergo the following

process leading to the oxidation of the sample surface with the reduction of NO; to NO:
Equation 3.2-4 {C -ONO} ; {C - NOZ} - NO(g) + {Cox}
Here NO is produced in the gas phase, detected mass spectrometerically, and one oxidized

surface site {Cox} 1s produced.

The branching ratio between i. and ii., as already mentioned, depends on temperature. For the
lower temperatures (below 470K) the reaction goes mainly into the i) channel, and then the
HONO vyield is larger than the NO yield. But with increasing temperature (470K and above)
HONO yield decreases, and the reaction goes mainly into the ii) channel, leading to the
production of more NO than HONO. The yields of HONO and NO (and their sum) obtained
as a function of temperature are relatively low and below 100% (Figure 3.2-14). However, we
assume that the rest of the N — yield remains on the surface in the form of surface N —
containing groups in agreement with [Al-Abdaleh and Grassian, 2000] and [Kirchner et al.,
2000]. We have tried to prove this assumption, by analysing the sample ion
chromatographically after the end of the interaction. Unfortunately, as already discussed in
Chapter 3.2.2.4, the N-contents of the sample could not be determined free of substantial

€ITOoT1S.

For the temperatures of 470 K and above we assume a parallel step leading, eventually, to the
consumption of the soot sample:
Equation 3.2-5 {Cox} = CO,y +{Chrea}

The released new oxidized surface site {C.x} from Step ii) decomposes at the higher
temperature with the formation of CO,, detected with MS, leaving a reduced surface site
{Crea} Which can react from the beginning with another gas phase NO,. For every consumed
{Cox}, one CO, molecule is produced and one {C,q4} is generated, which can react further
with one NO, molecule, which explains the 100% CO, yield with respect to NO, at the higher

temperatures.

With this process (Equation 3.2-5) the fact can be also explained that at the higher

temperatures we observe the formation of steady state, because every released {Cq} reacts
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with one NO, and the surface is not saturated - the reactive sites are not used with time, but

regenerated due to the reaction, which was not the case for temperatures below 470 K.

3.2.3 Discussion

What should be noted here is the completely different behaviour of the two types of soot
investigated. Whereas we could observe uptake of NO,/SO, on ethylene soot at our
experimental conditions, it was completely inactive towards water, as discussed in Chapter
3.1.1. On the other hand no uptake of NO,/SO; has been observed on kerosene soot, but it
was found to be reactive towards water. These findings suggest that the active surface sites,
responsible for the interaction of NO,/SO,, are not the same, responsible for the observed
uptake of water. Whereas NO,/SO; adsorbs on reduced surface sites {C,.;} and NO, is able to
oxidize ethylene soot, water should adsorb on oxidised surface sites {C,.} present on the
sample surface. These findings also implement that the two types of soot have different level
of oxidized sites on the surface, due probably to the different way of production, and from
atmospheric point of view this means that the freshly produced soot particles in the
atmosphere may have completely different behaviour depending very much on the burning

conditions and the type of fuel used.
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4 SUMMARY AND CONCLUSIONS

Having in mind the aims of this work, postulated previously, we can summarize the obtained

results as follows:

Regarding the hydrophilicity of atmospheric aerosol particles we have studied the interaction
of mineral dust and soot surfaces with water vapour in the temperature interval 203 K <T <
298 K using a Knudsen cell reactor. For the uptake of water on mineral dust an initial uptake
coefficient of y;,,; = (6.3 = 0.7):107 independent of temperature has been determined. In
contrast, a strongly temperature dependent desorption rate has been found with desorption
rate constants decreasing from 1-107 at 265 K to 1-10™* at 223 K. In addition, relatively high
surface coverages have been determined from which an adsorption enthalpy of —40 kJ mol™ is
inferred. For the uptake of water on soot the initial uptake coefficient has been found to be
independent of temperature with a value of y;,; = (4.7 £ 0.2)-107%, similar to the case of mineral
dust. However, the corresponding desorption rate constants have been found to be three
orders of magnitude larger than for mineral dust. Consistent with this finding, low surface
coverage with an adsorption enthalpy of —27 kJ mol has been derived. A comparison of the
uptake kinetics and adsorption enthalpies of water on mineral dust and soot leads to the
conclusion that water is much stronger interacting with mineral dust than with soot. In terms
of a concept the results suggest, that mineral dust may be regarded as hydrophilic whereas
soot is hydrophobic and that fundamental kinetic and thermo-chemical parameters may be

used to quantify such concept as hydrophilicity.

Regarding the reactivity of atmospheric aerosol particles we have investigated two different
types of soot samples (kerosene and ethylene) and their behaviour towards NO, and SO, in a
wide temperature interval 180 K < T < 670 K. It has been found that under these conditions
SO, undergoes only reversible adsorption/desorption mechanism on the surface, whereas for
temperatures above 300 K NO, adsorbs irreversibly on the surface, and reacts further leading
to formation of NO and HONO as gas phase products with strongly temperature dependent

yields. With increasing surface temperature the yield of NO increases gradually, whereas
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HONO yield decreases. Complementary, for temperatures above 470 K the formation of CO,
as gas phase product is observed also with gradually increasing yield with increasing
temperature. For the mechanistic interpretation of the reaction we have found that NO,
adsorbs irreversibly on the surface, followed by further formation of HONO or reduction to
NO (depending on temperature). Additionally for the higher temperatures, due to the
reduction to NO, a new oxidised surface site is formed which releases CO, into the gas phase,

indicating the ability of NO, to oxidize the soot sample followed by its consumption.
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